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ABSTRACT 
Background: The prenatal period is a critical window for neurodevelopment and is 
particularly sensitive to toxicant exposure. Traffic-related air pollution and per- and 
polyfluoroalkyl substances (PFASs) are two classes of potential developmental toxicants 
to which pregnant women are ubiquitously exposed. 
Objectives: In a cohort of children, characterize in utero exposure to traffic-related air 
pollution and PFASs and examine the effects of these exposures on childhood 
assessments of neurodevelopment.  
Methods: Analyses were conducted in Project Viva, a longitudinal Boston-area birth 
cohort enrolled during 1999‒2002. In mid-childhood (at age 6‒10), children completed 
assessments of cognitive function and mothers and classroom teachers assessed executive 
function and behavior problems in children using validated questionnaires. Estimates of 
traffic-related pollutant exposures, residential proximity to major roadways, and near-
residence traffic density were generated for periods in pregnancy and childhood. Stored 
maternal plasma from pregnancy was analyzed for concentrations of four common 
PFASs: perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS), perfluorohexane 
sulfonate (PFHxS), and perfluorononanoate (PFNA). We modeled associations of 
  vi
exposures with neurodevelopmental assessment scores, adjusted for potential 
confounders.  
Results: Living within 50 meters of a major roadway at birth predicted lower non-verbal 
intelligence, verbal intelligence, and visual motor abilities in mid-childhood. Children 
with higher black carbon exposure during childhood had greater teacher-assessed 
problems with behavior regulation, but prenatal traffic exposures were not associated 
with greater problems. Children with higher prenatal exposure to PFOA scored lower on 
assessments of verbal IQ and visual motor abilities, but children with the highest levels of 
PFOS and PFNA exposure appeared to have better scores on some cognitive assessments 
(verbal IQ, non-verbal IQ and design memory for PFOS and verbal IQ, design memory 
and picture memory for PFNA). 
Conclusions: The influence of exposure to traffic-related pollution and PFASs on 
neurodevelopment varied across pollutants, exposure windows, and neurobehavioral 
domains. Results suggested that residential proximity to major roadways during gestation 
adversely affected cognitive development. Prenatal exposure to traffic-related pollution 
did not predict greater neurobehavioral problems, but childhood exposure appeared to 
influence behavioral regulation. Observed associations of prenatal PFAS exposure with 
childhood cognition differed across studied compounds and cognitive assessments, 
suggesting both deleterious and protective effects.  
  vii
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CHAPTER ONE: INTRODUCTION 
The prenatal period is a critical window for neurodevelopment, and evidence from 
human and animal studies has consistently suggested that exposure to environmental 
toxicants such as lead, methylmercury, and tobacco smoke in pregnancy can negatively 
impact the developing brain (Bellinger 2013; Oken et al. 2008; Perera et al. 2005; 
Polanska et al. 2012; Roberts et al. 2004; Wormley et al. 2004). Disruptions to 
neurodevelopment during gestation can affect cognitive and behavioral outcomes in 
childhood and beyond. It is therefore an important public health objective to characterize 
exposure among pregnant women to known and potential neurodevelopmental toxicants 
and to research the effects of these exposures on later cognition and behavior in children.  
Ambient traffic-related air pollution and per- and polyfluoroalkyl substances 
(PFASs) are highly prevalent exposures among pregnant women and children, and 
toxicological research to date has identified a number of potential mechanisms through 
which each of these exposures could disrupt brain development (Calderon-Garciduenas et 
al. 2011; Edwards et al. 2010; Guxens et al. 2012; Mariussen 2012; Miller et al. 2013; 
Perera et al. 2006). 
 
Traffic-related air pollution 
 Ambient air pollution has been long recognized as a public health hazard, and air 
pollution exposure is well documented as a risk factor for cardiovascular and respiratory 
diseases, as well as lung cancer (Dockery et al. 1993; Laden et al. 2006; Pope et al. 2002; 
Pope et al. 2015). A growing literature suggests that exposure to air pollution during 
 2 
 
gestation and childhood is particularly dangerous, with evidence linking early life air 
pollution exposure to infant mortality and other adverse birth outcomes, along with 
childhood asthma, allergy, and other respiratory ailments (Backes et al. 2013; Lanphear 
et al. 2005; Proietti et al. 2013). In urban areas and near major roadways, a substantial 
source of air pollution is vehicle exhaust, which is comprised of a mixture of pollutants, 
including fine (aerodynamic diameter ≤ 2.5 µm; PM2.5) and ultrafine (aerodynamic 
diameter ≤ 0.1 µm) particulate matter, black carbon, volatile organic compounds (VOCs), 
polycyclic aromatic hydrocarbons (PAHs), nitrogen dioxide (NO2), and carbon monoxide 
(CO). As more than 80 percent of the United States population resides in urban areas (US 
Census, 2012) and 4% live within 150 meters of a major highway (Boehmer et al. 2013), 
traffic-related air pollution exposure among Americans, including pregnant women, is 
extremely widespread.  
 
Traffic-related air pollution and neurodevelopment 
Recent epidemiological studies have explored the relationship between prenatal 
exposure to outdoor air pollution and cognitive and behavioral development. Researchers 
studying parallel birth cohorts in New York City and Krakow, Poland, have linked 
reduced cognitive performance and increased adverse behaviors in young children to 
prenatal exposures PAHs (Edwards et al. 2010; Perera et al. 2006; Perera et al. 2009; 
Perera et al. 2012; Perera et al. 2013). There is also epidemiological evidence of a 
relationship between gestational exposure to traffic-related air pollutants and autism, with 
researchers reporting associations between autism and residential proximity to freeways 
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during pregnancy (Volk et al. 2011), prenatal exposure to diesel particulate and other 
hazardous air pollutants (Roberts et al. 2013; Windham et al. 2006), and prenatal 
exposure to NO2, PM2.5 and PM10 (particulate matter with aerodynamic diameter ≤ 10 
µm)
 
(Kalkbrenner et al. 2015; Raz et al. 2015; Volk et al. 2013). Other recent studies 
have examined the effects of prenatal exposure to indoor air pollution, with investigators 
reporting decrements in neurodevelopmental performance among children with prenatal 
exposure to NO2 from gas appliances (Morales et al. 2009; Vrijheid et al. 2012) and 
carbon monoxide from wood smoke (Dix-Cooper et al. 2012). 
Additional research (generally using cross-sectional design) has examined the 
influence of childhood traffic exposure on childhood neurobehavior. Among a cohort of 
Belgian adolescents, recent exposure to traffic predicted lower sustained attention 
(Kicinski et al. 2015). In an urban Boston birth cohort, higher childhood exposure to 
black carbon was associated with poorer performance on assessments of cognition and 
attention among children aged 8-11 (Chiu et al. 2013; Suglia et al. 2008). Chinese second 
and third grade children living in an area with high exposure to traffic-related air 
pollution (NO2 and PM10) performed worse on a range of neurobehavioral tests assessing 
motor, psychomotor and sensory functions than a group from a less polluted area (Wang 
et al. 2009). A Spanish study in 4-year-olds reported lower cognitive scores for 
quantitative, working memory and gross motor subscales among children with higher 
exposure to ambient NO2 (Freire et al. 2010). Among school age children in India, higher 
PM10 exposure was associated with an increased prevalence of attention deficit 
hyperactivity disorder (ADHD) (Siddique et al. 2011). A small study of children in 
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Mexico City reported lower performance on tests of attention, short term memory and 
learning among children exposed to high levels of ambient air pollution and higher levels 
of circulating inflammatory cytokines measured among the exposed children (Calderon-
Garciduenas et al. 2011; Calderon-Garciduenas et al. 2012).  
Prior researchers have postulated that systemic inflammatory responses to air 
pollutants in pregnant women may cause damage to the developing fetal brain through 
mechanisms involving oxidative stress pathways (Calderon-Garciduenas et al. 2011; 
Guxens et al. 2012; Miller et al. 2013; Volk et al. 2011). Because cytokine signaling 
regulates neural development, increased levels of circulating inflammatory cytokines may 
also directly disrupt the development of neural connections and the structure of 
supporting glial cells (Deverman and Patterson 2009). Animal models have provided 
support for the hypothesized role of inflammatory cytokines in the prenatal air pollution-
neurodevelopment relationship. Bolton and colleagues reported significantly elevated 
levels of inflammatory cytokines in the fetal brains of mice exposed prenatally to diesel 
exhaust (Bolton et al. 2012). Adult rats chronically exposed to diesel particulate by 
inhalation also displayed neuroinflammation and whole brain levels of inflammatory 
cytokines including interleukin-6 (IL-6) (Levesque et al. 2011). In a separate study, rats 
exposed prenatally to IL-6 displayed impaired spatial learning and abnormal structure of 
the hippocampus (Samuelsson et al. 2006).  Other proposed mechanisms for impairment 
of neurodevelopment by traffic-related pollution include endocrine disruption or 
epigenetic impacts of specific traffic-related pollutants (such as PAHs) (Edwards et al. 
2010; Perera et al. 2006).  
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Per- and polyfluoroalkyl substances (PFASs) 
PFASs are a class of carbon-chain compounds characterized by the presence of 
carbon-fluorine bonds. Due to their surfactant properties, PFASs have been employed in 
a wide range of industrial and consumer products, including non-stick cookware, stain-
resistant fabric and carpet treatments, pesticides, fire-fighting foams, paints, lubricants, 
oil-resistant coatings for food packaging, adhesives, waxes and polishes (Lau et al. 2007; 
Mariussen 2012). Two of the most common PFASs, perflourooctane sulfonic acid 
(PFOS) and perflouroctanoic acid (PFOA), have been identified as of potential concern 
as persistent, bioaccumulative environmental toxicants (Mariussen 2012). The only major 
United States producer of PFOS began a voluntary phase-out of the chemical in 2002, 
and a group of American manufacturers of PFOA have agreed to cease production of 
PFOA and related compounds by 2015 (Rosen et al. 2009).   
PFASs tend to be persistent in the environment due to strength of their carbon-
fluorine bonds. PFASs have been detected in wildlife and humans around the world, tend 
to concentrate in protein-rich organs including the liver, and bind to albumin in blood 
(Lau et al. 2007; Mariussen 2012). Animal evidence suggests that PFASs are highly 
absorbed after oral administration, but not metabolized. Enterohepatic circulation has 
been observed to contribute to high levels of uptake in animal models (Lau et al. 2007).  
Some PFASs have been shown to bioaccumulate in animals and humans and biomagnify 
across the food chain. The longer chain PFASs, including PFOS and PFOA, have greater 
potential for bioaccumulation than shorter-chain PFASs (Conder et al. 2008). Elimination 
rates in humans vary across PFAS types; prior studies have observed half-lives in humans 
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of 2.3 and 3.8 years for PFOA (Bartell et al. 2010; Lau et al. 2007), 5.4 years for PFOS, 
and 8.5 years for PFHxS (Lau et al. 2007) 
PFASs are known to cross the placenta, and prior researchers have demonstrated 
that levels of PFASs in maternal peripheral blood correlate highly with levels measured 
in cord blood in humans (Fromme et al. 2010; Kim et al. 2011).  PFASs are generally 
present at lower levels in human and animal brain tissue than in the blood and liver, 
suggesting that permeability of the blood-brain barrier to PFASs may be limited, 
although some animal studies have suggested that the proportion of PFASs partitioning to 
the brain increases at higher exposure concentrations (Mariussen 2012). Evidence from 
rodent models also indicates that the fetal blood-brain barrier may be relatively more 
permeable to PFASs; when pregnant dams were exposed to PFOS, fetal brain PFOS 
concentrations were substantially higher than those observed in the maternal brain (Borg 
et al. 2010; Chang et al. 2009). Analyses of concentrations of PFOA and PFOS in the 
brains of newborn mice following chronic exposure to PFOA and PFOS throughout 
gestation revealed that PFOS was present at levels four times greater than PFOA despite 
the dosing concentrations being the same, suggesting that PFOS accumulates in the brain 
more readily than PFOA (Onishchenko et al. 2011). 
The broad presence of measurable levels of PFASs in human tissue and serum 
samples from around the world demonstrates that the general population is exposed to a 
range of PFASs. Previous researchers have hypothesized that people are exposed to 
PFASs through the use of PFAS-containing products, especially through inhalation or 
oral exposure to PFASs in dust (Lau et al. 2007). Toddlers and young children with 
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increased hand-to-mouth activity and exposure to dust on household surfaces are 
potentially exposed at higher levels than adults (Trudel et al. 2008). Breastfeeding may 
also be an important exposure pathway for babies and toddlers (Kim et al. 2011). Because 
PFASs are present in food packaging and cookware, as well as in some foods, dietary 
exposures may also be important. A study of pregnant women in Denmark reported that 
plasma levels of PFOS and PFOA were significantly raised in women reporting higher 
intake of red meat, animal fats and snacks such as popcorn and potato chips (Halldorsson 
et al. 2008). Korean investigators reported that intake of fish, shellfish, vegetables, 
potatoes and popcorn were associated with higher PFAS levels in a population of Korean 
adults and teenagers (Ji et al. 2012). Exposures to PFASs at levels higher than those of 
the general population can occur in occupational settings and in cases of groundwater 
contamination from industrial accidents (Stein and Savitz 2011).  
 
PFASs and neurodevelopment 
In vitro findings in one investigation indicated that PFASs are potential 
developmental neurotoxicants and can affect neuronal differentiation, although effects 
and mechanisms of studied PFASs varied. PC12 cells treated with PFOS were more 
likely to differentiate away from the dopamine neurotransmitter phenotype toward the 
acetylcholine (ACh) phenotype, but PFOA did not appear to affect neuronal 
differentiation in this model (Slotkin et al. 2008). Another hypothesized mechanism 
through which PFASs might influence neurodevelopment is thyroid hormone disruption, 
as even small perturbations in thyroid hormone levels during pregnancy can affect fetal 
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brain development (Min et al. 2015). Toxicological findings on the potential influence of 
PFAS exposure on thyroid hormone have been mixed, with animal study findings 
summarized in a recent review suggesting varied and inconsistent effects (Mariussen 
2012). Epidemiologic studies have provided some evidence that PFAS exposure in 
pregnant women may affect levels of maternal thyroid hormones and those measured in 
cord blood, although observed effects have varied across studied PFASs (Kim et al. 2011; 
Wang et al. 2014). One investigation suggested that women with a disposition towards 
autoimmune hypothyroidism may be particularly sensitive to the effects of PFAS 
exposure; among a subset of pregnant women with high thyroid peroxidase antibody (a 
marker of autoimmune hypothyroidism), concentrations of PFOS, PFOA, PFHxS and 
PFNA were each correlated with higher thyroid stimulating hormone (TSH) and lower 
free thyroxine (fT4) in pregnancy (no associations were observed in the full cohort of 
pregnant women) (Webster et al. 2014). Another potential pathway for 
neurodevelopmental toxicity may involve the nuclear receptor proliferator-activated 
receptor alpha (PPAR-α), which PFASs are known to activate (Lau et al. 2007; 
Mariussen 2012; Rosen et al. 2009). PPAR-α is known to regulate metabolism and cell 
growth (Mariussen 2012), and may also play a role in regulating the activity of 
dopaminergic neurons (Melis et al. 2010; Melis et al. 2013).  
Animal studies suggest that changes in neurobehavior result from prenatal 
exposure to PFASs. Johansson and colleagues reported that mice with neonatal exposure 
to a single high dose of PFOA or PFOS displayed disrupted spontaneous behavior and 
reduced habituation to a novel environment in adulthood, indicating cognitive 
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dysfunction. These mice also showed an irregular response to nicotine exposure, 
suggesting alterations to the cholinergic system (Johansson et al. 2008). In a follow-up 
study, PFOS and PFOA exposure resulted in increases in levels of proteins associated 
with neuronal survival, growth, and synaptogenesis in the hippocampus and the cerebral 
cortex (Johansson et al. 2009). The authors suggested that these altered levels of proteins 
may disrupt synaptogenesis, synaptic plasticity, and other aspects of brain development, 
and may represent a biologic mechanism for observed impacts of neonatal PFAS 
exposure on neurobehavior in adult animals. Because the hippocampus is a region of the 
brain involved in learning and memory, the alteration in protein levels in this region 
could be related to the reduced habituation to a novel environment displayed among 
PFOS and PFOA-exposed mice in the Johansson et al. 2008 study (as habituation is a 
learning and memory-related behavior) (Johansson et al. 2009). Parallel studies described 
similar effects on neurobehavior, nicotinic response, and neuroprotein levels among mice 
exposed neonatally to PFHxS (Viberg et al. 2013; Lee and Viberg 2013). In another study 
of chronic dietary exposure to PFOS or PFOA throughout pregnancy in mice, exposed 
male offspring displayed decreased locomotion in a novel environment and increased 
global activity and decreased muscle strength compared to controls, with altered 
exploratory behaviors observed in both males and females relative to controls 
(Onishchenko et al. 2011).  Lau and colleagues reported that the offspring of mice given 
high doses of PFOA throughout pregnancy displayed elevated perinatal mortality and 
significantly delayed eye opening (a developmental milestone in rodents) (Lau et al. 
2006). A study in rats demonstrated that PFOS exposure during gestation increased 
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perinatal mortality and induced deficits in motor development (Luebker et al. 2005).  
Investigators have described differences in the sensitivity of PPAR-α receptors 
among mice, rats, and humans; rats and mice tend to be much more sensitive to PPAR-α 
agonists than humans. Some researchers have therefore questioned the relevance to 
human health of rodent findings potentially related to PPAR-α-mediated toxicity to 
human health (Rosen et al. 2009).  
Epidemiological evidence regarding the neurodevelopmental effects of PFASs is 
limited, and findings to date have been mixed. Among 12-15 year old children in the 
1999-2000 and 2003-2004 National Health and Nutrition Examination Survey 
(NHANES), prevalence of ADHD was related to elevated serum levels of PFOS, PFOA 
and PFHxS, after adjustment for a range of relevant confounders (Hoffman et al. 2010). 
An Oswego County, NY cross-sectional study among children aged 9-11 reported 
associations between PFASs including PFOS, PFNA, and PFHxS and greater impulsivity 
(Gump et al. 2011). In a population of 5-18 year old children in the Mid-Ohio Valley 
exposed to groundwater contaminated by industrial emissions of PFOA (the C8 Health 
Project cohort), investigators reported a suggestive association between PFHxS and 
ADHD rates, but no significant association with PFOA (Stein and Savitz 2011). In a 
follow-up study in the same population examining teacher- and mother-rated scales of 
executive function, ADHD-like behaviors, and other behavior problems, results 
suggested that higher childhood blood PFOA levels were associated with greater 
problems on mother-rated scales among girls, but fewer problems among boys. There 
was also some suggestion that higher PFOA might be associated with fewer executive 
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function and attention problems in both sexes on teacher-rated scales, but the effect 
estimates were less precise, and dose-response patterns were less consistent (Stein et al. 
2014).  
In studies where prenatal PFASs exposure levels have been measured or 
estimated, there is little evidence of neurotoxicity. In a Danish cohort of pregnant women, 
maternal blood levels of PFOA and PFOS from early pregnancy were not associated with 
infants’ Apgar scores at birth or delays/deficits in attention or other neurodevelopmental 
outcomes at 6-18 months. The study revealed one significant positive association, 
between maternal PFOS levels and infants’ reported ability to “sit without support,” but 
because twelve separate endpoints were assessed separately for PFOS and PFOA 
exposure, it is possible that this association was present by chance due to multiple 
comparisons (Fei et al. 2008). In another study in the same cohort, PFOA and PFOS 
concentrations in pregnancy did not predict children’s scores on an assessment of 
behavior and motor skills at age 7 meant to identify neurodevelopmental deficits (Fei and 
Olsen 2011). In another prospective Danish cohort, maternal levels of PFOS and PFOA 
in pregnancy were not associated with children’s diagnoses of ADHD or depression or 
scores on a standardized scholastic achievement exam taken in adolescence (Strøm et al. 
2014). In follow-up studies in the mid-Ohio Valley population involving a 
comprehensive battery of neuropsychological tests, there was evidence that higher 
estimated in utero exposure to PFOA was associated with higher full-scale IQ and better 
attention in school age children, which the authors suggested might be attributable to 
anti-inflammatory and neuroprotective effects of PFOA exposure, potentially mediated 
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through proliferator-activated receptor gamma (PPAR-γ) activation (Stein et al. 2013). 
Higher prenatal PFOA levels predicted fewer autistic behaviors among 4 and 5-year-old 
children in Cincinnati, OH, and investigators did not observe associations of autistic 
behaviors with PFOS, PFHxS, or perfluorononanoate (PFNA) levels (Braun et al. 2014). 
A Danish case-control study reported no consistent associations of ADHD or autism 
diagnoses in childhood with maternal PFAS levels from pregnancy (Liew et al. 2015). A 
case-control study in Sweden reported no associations between cord blood PFASs and 
ADHD (Ode et al. 2014).   
 
Research objectives 
The existing evidence on prenatal exposure to traffic-related air pollutants or 
PFASs and neurodevelopment falls short of providing a complete understanding of the 
influence these exposures have on the developing brain. Studies to date suggest a link 
between traffic-related pollution and cognitive and neurobehavioral outcomes, but 
additional research is needed to identify developmental windows that are most sensitive 
to exposure, components or sources of traffic-related pollution that may be particularly 
harmful, and specific cognitive and behavioral domains that are affected. Previous 
research on the neurodevelopmental effects of exposure to PFAS has been limited, and 
results have been inconsistent. Although animal studies suggest that PFAS exposure 
during gestation may influence neurodevelopmental outcomes measured later in life, few 
studies have assessed the effects of prenatal PFAS exposure in humans. In addition, 
epidemiologic studies of PFAS exposure to date have primarily examined behavioral 
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outcomes or diagnoses of neurobehavioral disorders, and few have assessed the potential 
of sub-clinical effects on cognitive function. Further research is needed to examine the 
influence of prenatal PFAS exposure on cognitive development.  
This research aims to address gaps in the prior literature and broaden 
understanding of the neurodevelopmental effects of traffic-related air pollution and 
PFASs. We conducted analyses in Project Viva, a prospective cohort of 2,128 mother-
child pairs enrolled in the Greater Boston area between 1999 and 2002 at mothers’ initial 
prenatal visits. Mothers and children were followed longitudinally and completed annual 
questionnaires and attended regular in-person visits assessing health and development. In 
mid-childhood (at age 6-10), children completed a battery of assessments of cognitive 
function, and mothers and classroom teachers completed validated questionnaires 
assessing executive function and behavior problems in children. We used detailed address 
histories to estimate traffic exposure at multiple periods in gestation and childhood and 
analyzed stored maternal plasma from pregnancy for concentrations of PFASs, and 
assessed relationships of these exposures with neurodevelopmental outcomes. We also 
employed rich data available in Project Viva on participant characteristics, including 
maternal IQ, family socioeconomic status, maternal smoking and secondhand smoke 
exposure, maternal and child blood lead, breastfeeding duration and birth outcomes,   to 
perform thorough assessment of potential confounders and modifiers of effect in the 
studied relationships.  
The primary aim of Chapter 2 was to assess the influence of exposure to traffic-
related pollution during periods in pregnancy and childhood on cognitive performance. 
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We examined multiple measures of traffic exposure, including ambient black carbon 
(BC) and fine particulate matter (PM2.5) exposures, residential proximity to major 
roadways, and near-residence traffic density in relation to children’s scores on 
assessments of verbal and non-verbal intelligence, visual motor abilities, and visual 
memory. We also evaluated the influence of potential confounding variables, including 
characteristics of child (age, sex, breastfeeding duration, early childhood blood lead), 
mother (age, parity, race/ethnicity, education, IQ, marital/cohabitation status, and blood 
lead, smoking, secondhand smoke exposure, and alcohol in pregnancy), father 
(education), household (income, home caretaking environment, gas stove) and 
neighborhood (census tract median income). We assessed potential mediation of effects 
by fetal growth and gestational duration and evaluated potential effect measure 
modification by child sex and socioeconomic status.  
Chapter 3 aimed to evaluate associations between prenatal and childhood 
exposure to traffic-related pollution and mid-childhood neurobehavioral measures. We 
employed the traffic exposure measures used in Chapter 2 and measures of children’s 
executive function and behavior problem based on rating scales completed by mothers 
and classroom teachers. As in Chapter 2, we examined the influence of possible 
confounding variables and also assessed the possibility of mediation by birth outcomes. 
We evaluated potential effect measure modification by child sex and maternal education 
level.  
The aim of Chapter 4 was to examine the relationship between gestational 
exposure to PFASs and mid-childhood cognitive outcomes. We measured four common 
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PFASs in archived early pregnancy plasma (PFOA, PFOS, PFHxS, and PFNA) and 
examined associations with the childhood cognitive outcomes also used in Chapter 2. We 
adjusted analyses for potential confounders, including maternal IQ, support for cognitive 
development in the home, breastfeeding, physiologic parameters of pregnancy, and 
multiple sociodemographic factors. We also assessed whether child sex might modify the 
effects of prenatal PFAS exposure on cognitive development.  
Chapter 5 summarizes the findings of Chapters 2-4 and provides discussion of 
methodological limitations of the studies, public health implications, and directions for 
future research.   
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ABSTRACT 
Background: Influences of prenatal and early life exposures to air pollution on cognition 
are not well understood. 
Objectives: Examine associations of gestational and childhood exposure to traffic-related 
pollution with childhood cognition.   
Methods: We studied 1,109 mother-child pairs in Project Viva, a prospective birth cohort 
study in Eastern Massachusetts (USA). In mid-childhood (mean age 8.0 years), we 
measured verbal and non-verbal intelligence, visual motor abilities, and visual memory. 
For periods in late pregnancy and childhood we estimated spatially and temporally 
resolved black carbon (BC) and fine particulate matter (PM2.5) exposures, residential 
proximity to major roadways, and near-residence traffic density. We used linear 
regression models to examine associations of exposures with cognitive assessment 
scores, adjusted for potential confounders.   
Results: Compared to children living ≥200 m from a major roadway at birth, those living 
<50 m away had lower non-verbal IQ (-7.5 points; 95% confidence interval (CI): -13.1, -
1.9), and somewhat lower verbal IQ (-3.8 points; 95% CI: -8.2, 0.6) and visual motor 
abilities (-5.3 points; 95% CI: -11.0, 0.4). Cross-sectional associations of major roadway 
proximity and cognition at mid-childhood were weaker. Prenatal and childhood exposure 
to traffic density and PM2.5 did not appear associated with poorer cognitive performance. 
Third trimester and childhood BC exposures were associated with lower verbal IQ in 
minimally adjusted models, but after adjustment for socioeconomic covariates, 
associations were attenuated or reversed. 
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Conclusions: Residential proximity to major roadways during gestation and early-life 
may affect cognitive development.  Influences of pollutants and socioeconomic 
conditions on cognition may be difficult to disentangle. 
 
INTRODUCTION 
Evidence supporting the hypothesis that outdoor air pollution affects the brain 
was recently reviewed at a National Institutes of Health workshop (Block et al 2012). 
Participating scientists concluded that more studies were needed to define critical time 
windows for pollution effects on cognition, assess factors related to vulnerability to 
outdoor air pollution (e.g., age at exposure, stress, and socioeconomic status), and define 
the relation of particle pollution composition to its toxicity.  
 In a study of urban Boston children aged 8‒11 years, childhood exposure to black 
carbon (BC), a marker of traffic pollution, was associated with lower verbal IQ, non-
verbal IQ, and visual memory abilities (Suglia et al. 2008). Neither that study, nor recent 
cross-sectional reports of associations between ambient air pollution exposure and 
reduced cognitive performance (Calderón-Garcidueñas et al. 2011; Freire et al. 2010; 
Wang et al. 2009) examined pollution effects across different time windows of 
development. Exposures in late pregnancy to airborne polycyclic aromatic hydrocarbons 
(PAHs) predicted lower cognitive development at age 3 and lower IQ at age 5 in New 
York City (Perera et al. 2006; Perera et al. 2009) and poorer non-verbal reasoning at age 
5 in Krakow, Poland (Edwards et al. 2010). In a recent meta-analysis of European birth 
cohorts, prenatal exposure to ambient air pollution was associated with lower 
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psychomotor development in children aged 1‒6, but not with cognitive development 
(Guxens et al. 2014). Postnatal exposures were not measured in these studies.  
We examined associations of child cognitive outcomes with exposure to traffic-
related air pollutants in late pregnancy and childhood. Exposure was assessed in several 
ways: residential proximity to major roadways, near-residence traffic density, and BC 
and fine particulate matter (aerodynamic diameter ≤ 2.5 µm; PM2.5) estimated at the 
residence level. Because of the known vulnerability of the prenatal period to 
neurodevelopmental toxicants (Bellinger 2013), we hypothesized that pregnancy 
exposure would be more influential than childhood exposure. 
 
METHODS 
Study Population 
We studied participants in Project Viva, a longitudinal cohort of 2,128 mother and 
child pairs enrolled during 1999‒2002 at mothers’ initial prenatal visits (median 9.9 
weeks of gestation) at eight locations of Atrius Harvard Vanguard Medical Associates, a 
multispecialty group practice in urban and suburban Eastern Massachusetts. Study 
procedures for this cohort have been described previously (Oken et al. 2015).  Briefly, we 
administered health and developmental assessments to mothers and children at in-person 
visits and through mailed annual questionnaires. 1,110 children completed at least one 
cognitive assessment at a visit in mid-childhood (mean age 8.0 years, 80% aged 7 or 8 at 
assessment). After excluding participants lacking exposure information, final sample 
sizes ranged from 960‒1,104 (depending on analysis), with 1,109 participants included in 
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at least one analysis. The Institutional Review Board of Harvard Pilgrim Health Care 
approved the study. All mothers provided written informed consent, and children 
provided verbal assent at the mid-childhood visit 
 
Major Roadway Proximity and Near-Residence Traffic Density 
Mothers reported their residential addresses at study visits and on annual 
questionnaires. We estimated residential proximity to nearest major roadway and near-
residence traffic density at birth and date of the mid-childhood cognitive assessment. 
Using ArcGIS 10.1 with Street MapTM North America (ESRI, Redlands, CA), aerial 
photographs, and internet resources, we geocoded locations of each reported residential 
address and calculated distance to the nearest major roadway (US Census feature class 
A1 or A2).  To assess exposure patterns over pregnancy and childhood, we also 
calculated major roadway proximity at study enrollment (median 9.9 weeks gestation) 
and in early childhood (median 3.3 years). 
Near-residence traffic density was estimated as the length of all roads (km) within 
100 m of the residence multiplied by traffic counts on those roads (vehicles/day) [as in 
(Zeka et al. 2008)], using traffic count data published by the Massachusetts Department 
of Transportation through the Office of Geographic Information (MassGIS, 2014). We 
used 2002 traffic data in estimates for birth addresses, and 2009 traffic data in estimates 
for mid-childhood addresses. 
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Air Pollutant Exposure Assessment 
We estimated residence-specific BC and PM2.5 exposures using validated 
spatiotemporal land use regression models. We previously reported methodologies for 
these models (Gryparis et al. 2007; Kloog et al. 2012; Zanobetti et al. 2014). Briefly, the 
BC model was based on daily BC measurements from a central monitoring site on the 
roof the Harvard Countway Library of Medicine and 148 permanent and temporary BC 
monitors operating in the region between January 1999 and August 2011. Other inputs 
included area land use, traffic density, and meteorological data (Gryparis et al. 2007; 
Zanobetti et al. 2014).  
The PM2.5 model incorporated satellite aerosol optical depth measurements at the 
10 × 10 km grid scale for years 2000‒2010 from the Moderate Resolution Imaging 
Spectroradiometer aboard the Earth Observing System satellites. Additional inputs to the 
PM2.5 model included daily PM2.5 concentration measurements from United States 
Environmental Protection Agency and Interagency Monitoring of Protected Visual 
Environments networks, along with data on area and point sources of PM2.5, land use, 
locations of major roads, and meteorology (Kloog et al. 2012).   
Using geocoded residential addresses, we estimated mean BC and PM2.5 
exposures for the third trimester of pregnancy (188th day after last menstrual period‒
birth), the year prior to each child’s cognitive assessment, and the first six years of life 
(birth‒age 6). We assigned exposures only if participants resided in areas where model 
predictions were available (Eastern Massachusetts for the BC model, New England for 
the PM2.5 model) for ≥90% of days in an exposure period.   
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Cognitive Outcomes 
Trained Project Viva staff administered assessments of cognitive development at 
in-person visits when children were 6.6‒10.9 (mean 8.0) years. We assessed verbal and 
non-verbal intelligence using the Kaufman Brief Intelligence Test (KBIT-2) (Kaufman 
and Kaufman 2004), visual motor performance with the Visual-Motor subtest of the 
Wide Range Assessment of Visual Motor Abilities (WRAVMA) (Adams and Sheslow 
1995), and visual memory (design memory and picture memory) with the Visual Memory 
Index of the Wide Range Assessment of Memory and Learning (WRAML2) (Adams and 
Sheslow 2003). Assessments were double-scored using published scoring guidelines and 
supplementary guidelines developed by a pediatric neuropsychologist to ensure 
consistency among scorers (Project Viva, 2002). Staff administering and scoring 
assessments had no knowledge of participants’ traffic exposure status. Scaled scores were 
standardized to mean=100, standard deviation (SD)=15 for KBIT-2 and WRAVMA, and 
mean=10, SD=3 for WRAML2 design memory and picture memory subscores, based on 
published reference data (Adams and Sheslow 1995, 2003; Kaufman and Kaufman 
2004). Neurobehavioral functional domains measured by each of the cognitive 
assessments are outlined in Table 2.1.  
 
Covariates 
Covariate data were collected from study questionnaires, interviews, and 
children’s medical records. We calculated median annual household income for census 
tract of residence at the date of cognitive assessment using data from the 2000 United 
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States Census (United States Census Bureau, 2000). We assessed support for cognitive 
development in the child's home using the Home Observation for Measurement of the 
Environment - Short Form (HOME-SF). HOME-SF scores range from 0‒22; higher 
scores represent better support (Frankenburg and Coons 1986). We assessed mothers’ full 
scale IQ with the KBIT-2. A subset of mothers (n=571) provided blood samples in mid-
pregnancy, which were analyzed for lead (Perkins et al. 2014). We accessed clinical 
blood lead levels in early childhood from medical records for 419 child participants.  
 
Statistical Analyses  
 We assessed correlations among exposures, outcomes and covariates with 
Spearman correlation coefficients, and assessed collinearity among model covariates by 
calculating variance inflation factors. We ran separate multivariate linear regression 
models to estimate exposure-outcome associations of each cognitive outcome (verbal IQ, 
non-verbal IQ, visual motor, design memory, and picture memory) with each exposure 
type (major roadway proximity, traffic density, BC, and PM2.5) for each exposure 
window (birth and date of testing for traffic measures, third trimester of pregnancy, birth‒
age 6, and year before testing for BC and PM2.5).  We analyzed major roadway proximity 
in three categories using cut points drawn to reflect the exponential-type pattern of spatial 
decay observed for some components of traffic-related air pollution: <50 m, 50‒<200 m, 
and ≥200 m (Hart et al. 2009; Karner et al. 2010; Zhu et al. 2002).  We natural log (ln)-
transformed traffic density and modeled it as a continuous exposure; BC and PM2.5 were 
also treated as continuous exposures. We scaled effect estimates by the interquartile 
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range (IQR) of ln(traffic density), BC, or PM2.5 for the relevant period. We checked our 
assumption of linearity of the continuous exposure-outcome relationships by fitting 
generalized additive models with penalized spline smooth terms for continuous 
exposures, adjusted for all relevant covariates (see below) and visually assessing plotted 
splines 
We ran initial models minimally adjusted for child sex and age at cognitive 
testing. Primary models were adjusted for a range of covariates selected as potential 
confounders based on prior evidence, according to Directed Acyclic Graph theory 
(Hernán et al. 2002). Covariates for primary models included characteristics of the child 
(sex, age at cognitive testing, breastfeeding duration (months up to 12), blood lead in 
early childhood (µg/dL)), mother (IQ, parity (0, 1, ≥2), age at enrollment (<25, 25-34, 
≥35 years), marital/cohabitation status (yes/no), education (≥college graduate/<college 
graduate), race/ethnicity (Black, White, Hispanic, Asian, Other), smoking status (never, 
former, smoked during pregnancy), exposure to secondhand smoke during pregnancy (<1 
hour/≥1 hour per week), blood lead in pregnancy (µg/dL), alcohol consumption during 
pregnancy (g/day)), father (education (≥college graduate/<college graduate)), household 
(ownership of a gas stove (yes/no), annual income at time of cognitive assessment 
(<$40K, $40-70K, $70-150K, ≥$150K), HOME-SF score), and neighborhood (median 
annual income for census tract of residence at cognitive testing). Models for third 
trimester BC and PM2.5 exposures were also adjusted for seasonal trends (modeled as sine 
and cosine functions of the date of cognitive testing) (Schwartz et al. 1991). 
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We hypothesized that gestational age and fetal growth could be on the causal 
pathway between pregnancy exposures and cognitive development, so we did not adjust 
for these covariates in primary models, but ran sensitivity analyses adjusted for 
gestational age (in weeks) and birth weight/gestational age z-score (Oken et al. 2003). 
We investigated the influence of individual covariates on the associations between BC 
exposure and verbal IQ by running a series of models adjusted for subsets of covariates.  
To increase sample size (precision) and reduce bias due to missing data, we 
imputed missing covariates. Using a chained equation multiple imputation method 
(PROC MI in SAS), we generated 50 imputed data sets including all Project Viva 
participants with live births (n=2,128) (Rubin 2004; White et al. 2011). The imputation 
model included all exposures, outcomes, and covariates under study, as well as additional 
potential predictors (White et al. 2011). In final analytic models, we combined imputed 
data sets using PROC MIANALYZE. Participants with missing exposure or outcome 
data for a given exposure-outcome analysis were excluded from that analysis.  
As a sensitivity analysis, we re-ran primary models excluding participants (n=21) 
who did not complete the full set of cognitive assessments. To assess the influence of 
maternal IQ and maternal and child blood lead as potential confounders, we ran primary 
models with and without these covariates. In addition, we assessed effect measure 
modification of associations with near-residence traffic density, BC, and PM2.5 by child 
sex and annual household income at assessment (</≥$70K) using interaction terms. 
Numbers of participants in the <50 m category of major roadway proximity were not 
sufficient to assess effect modification with this exposure.  
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We performed analyses involving penalized splines in R Version 3.0.0 (R 
Foundation for Statistical Computing, Vienna, Austria); all other analyses were 
completed using SAS Version 9.3 (SAS Institute Inc, Cary, NC). 
 
RESULTS 
Participant Characteristics 
We included 1,109 children with data on at least one exposure and one outcome. 
Table 2.2 presents distributions of participant characteristics and cognitive assessment 
scores. Cognitive assessment scores were generally lower among participants living 
closest (<50 m) to a major roadway at birth (n=34). Characteristics of included 
participants were generally similar to participants excluded due to missing exposure or 
outcome data, although excluded participants had somewhat lower birth weight (3,433 
versus 3,486 g), shorter duration of breastfeeding (4.5 versus 6.5 months), higher rates of 
maternal smoking in pregnancy (16 versus 10%) and slightly lower levels of parental 
education and household income (Table 2.9). Distributions of covariates in the original 
and the imputed data sets were very similar (Table 2.9).  
 
Exposures 
Table 2.3 describes the distribution of exposures. 34 participants (3%) lived 
within 50 m of a major roadway at birth (of these, 23 resided in urban areas, with 11 in 
suburban or rural areas). Spearman correlation coefficients among exposure variables are 
presented in the Table 2.4; as expected, distance to major roadway was negatively 
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correlated with traffic density, BC, and PM2.5 exposures, with residences further from 
major roadways having lower local traffic density and lower pollutant concentrations. 
Third trimester BC exposures were higher for non-White mothers, nulliparous mothers, 
and for mothers who were not married or cohabiting, had lower education, lower 
household income, higher exposure to secondhand smoke, or who lived in households 
with gas stoves (Table 2.5).  
Ninety-seven percent of participants remained in the same category of roadway 
proximity from enrollment through the child’s birth, while 91% remained from birth‒age 
3, and 88% remained from birth‒cognitive testing. Participants in the closest road 
proximity category (<50 m) were more likely to move to a different category between 
birth and cognitive testing (61% in this group changed categories, versus 56% for the 50‒
<200 m group, and 6% for the ≥200 m group).  
 
Major Roadway Proximity 
In fully adjusted regression models, children with birth addresses within 50 m of a 
major roadway had lower mid-childhood non-verbal IQ scores (-7.5 points; 95% 
confidence interval (CI): -13.1, -1.9), verbal IQ scores (-3.8 points; 95% CI: -8.2, 0.6), 
and visual motor scores (-5.3 points; 95% CI: -11.0, 0.4) than participants living ≥200 m 
from a major roadway (Figure 1.1a). Design memory and picture memory scores did not 
differ substantially by major roadway proximity (Figure 1.1b). Estimated associations 
were similar in minimally adjusted models (Table 2.7).  Non-verbal IQ scores were also 
lower among children living <50 m versus ≥200 m from a major roadway at the time of 
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cognitive testing (-5.6 points; 95% CI: -11.9, 0.8), but living 50‒<200 m versus ≥200 m 
at cognitive testing predicted higher non-verbal IQ (3.2 points; 95% CI: -0.4, 6.8). Other 
cognitive scores did not appear to differ across levels of mid-childhood major roadway 
proximity (Table 2.8). 
 
Near-Residence Traffic Density 
 Children with higher near-residence traffic density at birth had slightly higher 
non-verbal IQ, visual motor, design memory and picture memory scores (Table 2.6). 
Traffic density at cognitive testing predicted lower verbal IQ in minimally adjusted 
models (-1.3 points per IQR increase, 95% CI: -2.5, -0.1) (Table 2.7), but fully adjusted 
models suggested associations with higher verbal IQ (1.1 points per IQR increase, 95% 
CI: 0.0, 2.2) and non-verbal IQ (Table 2.8). Traffic density at mid-childhood address did 
not appear associated with other cognitive outcomes. 
 
Black Carbon (BC) 
Third trimester BC exposure predicted lower verbal IQ in minimally adjusted 
models (-1.9 points per IQR increase, 95% CI:-3.2, -0.7) (Table 2.7). Fully adjusted 
results, however, showed no association between third trimester BC exposure and verbal 
IQ (Table 2.6). Similarly, in minimally adjusted models, BC exposure in the year before 
cognitive testing was associated with lower verbal IQ (-2.4 points per IQR increase, 95% 
CI: -3.6, -1.1), as was birth‒age 6 BC exposure (-2.6 points per IQR increase, 95% CI: -
3.9, -1.4), but after full adjustment, each predicted slightly higher verbal IQ (year before 
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cognitive testing: 1.1 points per IQR increase, 95% CI: -0.2, 2.4; birth‒age 6: 0.9, 95% 
CI: -0.4, 2.2) (Tables 2.7 and 2.8). The attenuation or reversal of direction in these 
associations appeared to be driven by adjustment for sociodemographic variables, 
specifically maternal race/ethnicity and census tract median income (Figure 2.1). 
Third trimester BC and birth‒age 6 BC were also associated with higher non-
verbal IQ in fully adjusted models (third trimester: 1.3 points per IQR increase, 95% CI: -
0.2, 2.7; birth‒age 6: 1.7, 95% CI: 0.1, 3.4) (Tables 1.6 and 1.8). Neither third trimester, 
birth‒age 6, nor year before testing BC appeared associated with other cognitive 
outcomes.   
 
Fine Particulate Matter (PM2.5) 
In fully adjusted models, there was no evidence of adverse association between 
third trimester PM2.5 and cognitive outcomes; an IQR increase in third trimester PM2.5  
predicted slightly higher non-verbal IQ (0.9 points, 95% CI: -0.8, 2.5) (Table 2.6). In 
minimally adjusted models, an IQR increase in birth‒age 6 or year before testing PM2.5 
predicted lower verbal IQ (birth‒age 6: -1.9 points, 95% CI: -3.0, -0.8; year before 
testing: -1.0 points, 95% CI: -2.2, 0.2) (Table 2.7), but predicted slightly higher verbal IQ  
in fully adjusted models (birth‒age 6: 0.7 points, 95% CI: -0.4, 1.7; year before testing: 
1.1 points, 95% CI: 0.0, 2.2) (Table 2.8). Birth‒age 6 PM2.5 was also associated with 
small increases in non-verbal IQ (1.1 points per IQR increase, 95% CI: -0.2, 2.5) and 
visual motor skills (1.8 points per IQR increase, 95% CI: 0.4, 3.2) in fully adjusted 
models (Table 2.8).   
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Sensitivity Analyses 
Variance inflation factors were <2 for all covariates included in primary models, 
suggesting that collinearity among covariates did not reduce precision of effect estimates. 
Visual inspection suggested that penalized splines for the continuous exposure-outcome 
relationships generally did not deviate substantially from linearity (data not shown). For 
all exposures, periods, and outcomes, results generated by models additionally adjusted 
for birth outcomes (considered as potential mediators), were similar to those from 
primary models (data not shown). Analyses excluding participants with incomplete 
cognitive assessments (n=21) also yielded similar results (data not shown). Results of 
models excluding maternal IQ and maternal and child blood lead were very similar to 
those of primary models (data not shown). We did not observe consistent patterns of 
effect measure modification by sex or household income (data not shown).  
 
DISCUSSION 
  Among children residing primarily in urban and suburban Eastern Massachusetts, 
prenatal residential proximity to major roadways (<50 m) predicted lower non-verbal 
intelligence, verbal intelligence, and visual motor abilities in mid-childhood. These 
findings are based on observations from a small number of children (n=34) living <50 m 
from a major roadway at birth, and should therefore be interpreted cautiously, but suggest 
that major roadway proximity during gestation may be associated with decrements in 
function across a range of cognitive domains. The 7.5 point (95% CI: -13.1, -1.9) 
decrement in non-verbal IQ associated with residence at birth <50 m compared to ≥200 m 
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from a major roadway is similar in scale to the decrement in full-scale IQ associated with 
an increase in childhood blood lead from 2.4 to 30 µg/dL (the 5th to the 95th percentile) in 
an international pooled analysis (6.9 points) (Lanphear et al. 2005).   
Two of the cognitive outcomes related to prenatal major roadway proximity in our 
study (verbal and non-verbal intelligence) were inversely associated with exposure to 
PAHs measured in late pregnancy among 5-year-olds in New York City and Poland 
(Edwards et al. 2010; Perera et al. 2009). While we know of no previous reports of 
associations of early-life residential roadway proximity with cognitive outcomes in 
children, prenatal proximity to freeways was associated in another study with 
development of autism in childhood (Volk et al. 2011).   
Living < 50 m from a major roadway at the time of cognitive testing predicted a 
smaller decrease in non-verbal IQ than roadway proximity at birth, and did not appear 
associated with other cognitive outcomes. These findings suggest that major roadway 
proximity during gestation and early life might have a greater influence on cognitive 
development than major roadway proximity later in childhood, but associations at both 
time periods were very imprecise due to small numbers of participants in the closest 
proximity group. 
   The associations we observed between major roadway proximity and child 
cognition may be attributable to tailpipe emissions, but may also involve other roadway-
related exposures such as road dust or noise, or associated neighborhood characteristics 
like walkability and access to green space. Findings may also reflect random error or 
bias, particularly given the small numbers of observations in the closest proximity group, 
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and require replication in other populations. Air pollution exposure could impair 
neurodevelopment through several pathways, including endocrine disruption, epigenetic 
changes, or systemic inflammatory responses leading to oxidative stress (Calderón-
Garcidueñas et al. 2011; Edwards et al. 2010; Perera et al. 2006; Volk et al. 2011). There 
is also evidence that chronic exposure to noise may be associated with decreased 
cognitive function in children (Stansfeld et al. 2005). 
Although we observed evidence of associations of prenatal, birth‒age 6, and 
proximal exposure to BC with verbal IQ in minimally adjusted models, associations were 
attenuated or reversed following adjustment for covariates (in particular, maternal race 
and census tract median income), suggesting that spatial relationships in this study 
population between traffic-related pollution exposures and sociodemographic factors 
strongly related to cognitive outcomes may limit our ability to determine if there are 
independent effects of these pollution measures on these outcomes; prenatal and 
childhood exposure to BC also tended to predict somewhat higher non-verbal IQ in fully 
adjusted models. The correlation observed between pollution estimates and 
sociodemographic variables is likely due to complex geographical covariation, partly 
arising from clustering of sociodemographic characteristics and pollution in communities. 
We have not been able to adequately define this clustering; doing so would likely require 
new statistical methodology and additional variables and observations. We are therefore 
unable to completely disentangle the influences of pollutants and socioeconomic 
conditions on cognition. Conversely, however, we did not observe evidence of substantial 
confounding in the models of prenatal major roadway proximity by any of the measured 
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covariates, suggesting that residual confounding by sociodemographic factors is unlikely 
to explain the observed major roadway proximity-cognition associations. 
Our results are not consistent with a prior report from another Boston cohort of 
lower verbal IQ, non-verbal IQ, and visual memory scores among children with higher 
childhood exposure to BC (Suglia et al. 2008). Exposure levels in our study were similar 
to those in the other cohort, but the inconsistency in findings may stem from differences 
in population demographics between the studied cohorts, or differences in analytical 
approaches.  
Limitations in the spatial resolution of one important input to the PM2.5 model, the 
satellite aerosol optical depth data, may have constrained our ability to detect associations 
between PM2.5 exposure and cognition; advances in remote sensing technology should 
increase precision of estimates in the future.  It is also possible that exposure to particular 
components of PM2.5 might have an influence on cognition that we were unable to 
measure when estimating associations with PM2.5 total mass.  
Our observation of associations of lower cognitive scores with major roadway 
proximity but not with traffic density may stem from imprecision in our estimates of 
traffic density or uncaptured variability in the traffic pollution sources represented. In 
addition, in contrast to our roadway proximity exposure, which included the category <50 
m, our traffic density estimates included all traffic within 100 m of a residence, and 
important constituents of traffic-related pollution, such as ultrafine particles, may be 
concentrated nearer to roadways than 100 m (Karner et al. 2010; Zhu et al. 2002).  
Because numerous studies have demonstrated modest decrements in birth weight 
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and gestation length with greater air pollution exposure (Stieb et al. 2012) and lower fetal 
growth and shorter gestation length are inversely associated with cognitive development 
(Shenkin et al 2004; Yang et al. 2010), we hypothesized that preterm birth or intrauterine 
growth restriction might lie on the causal pathway between prenatal traffic exposure and 
cognition. However, the associations we observed between major roadway proximity at 
birth and cognitive outcomes in primary models did not change appreciably in sensitivity 
analyses adjusted for gestational age and birth weight for gestational age z-score, 
suggesting that relationships between major roadway proximity and cognitive 
development were not mediated by these factors.  
While we examined multiple exposures and outcomes, these measures were 
correlated, and we drew conclusions from patterns across results rather than individual 
significant associations, so the issue of multiple comparisons is not of serious concern. 
Additional limitations in our study should be noted, however. To capture the potential 
effects of exposure to air pollutants that exist in high concentrations only very near to 
major roadways, we delineated our closest category of major roadway proximity at <50 
m. Because a relatively small number of participants resided in this category, our effect 
estimates for this group had limited precision. Although we worked to minimize error in 
geocoding, exposure misclassification due to positional error and time-activity patterns of 
participants is still possible (Lane et al. 2013). Because most participants remained in the 
same category of major roadway proximity throughout the study period, it is also possible 
that prenatal distance to roadway may represent cumulative exposure before and after 
pregnancy. 
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  Due to early loss to follow-up in Project Viva, which is typical of longitudinal 
birth cohort studies, our study included only 52% of the original cohort. While it is 
reassuring that early life exposures and other characteristics of included participants were 
generally similar to those of the excluded participants, there were small differences in 
some factors correlated with both exposures and outcomes, suggesting that selection bias 
is possible. Finally, although our study population was reasonably diverse in terms of 
race/ethnicity and income, study participants all had health insurance coverage and access 
to early prenatal care, and were on average relatively well off and highly educated, 
meaning that generalizability of results to less advantaged populations may be limited.  
To our knowledge, this is the first study to assess relationships between 
neurodevelopment and exposure to traffic-related pollution across periods in gestation 
and childhood in an effort to identify particularly vulnerable developmental windows. We 
included multiple cognitive assessments representing several domains of brain function.  
Our analyses were strengthened by the capacity to examine the influence of potential 
confounders including maternal IQ, maternal and child blood lead, smoking and 
secondhand smoke exposure, and multiple measures related to household and area-level 
socioeconomic status.  
 
CONCLUSION 
Our findings suggest that prenatal proximity to major roadways may negatively 
influence performance across a range of cognitive domains in mid-childhood.  Proximity 
of children’s homes to major roadways at the time of cognitive testing appeared less 
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strongly predictive of cognitive performance, suggesting that gestation (or early life) 
could be a more sensitive period than mid-childhood to the effects of major roadway 
proximity on cognitive development. Because only a small number of study participants 
lived very close to major roadways, however, estimated associations with roadway 
proximity were imprecise; our findings should therefore be considered preliminary and 
require replication in other populations.  Prenatal and childhood near-residence traffic 
density, BC, and PM2.5 did not display consistent patterns of association with child 
cognition. 
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Table 2.1 Neurobehavioral functional domains measured by cognitive assessments 
Domain Verbal IQ (KBIT-2) 
Non-Verbal IQ 
(KBIT-2) 
Visual Motor 
(WRAVMA) 
Design Memory 
(WRAML2) 
Picture Memory 
(WRAML2) 
Crystallized intelligencea ● ●    
Word knowledge ●     
Executive function ● ●  ● ● 
Fine motor skills   ●   
Visuospatial perception  ● ● ●  
Visual memory    ● ● 
a 
“[A]ccessible stores of knowledge, and the ability to acquire further knowledge via familiar learning strategies” (Wasserman 2005). 
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Table 2.2 Characteristics of study participants [n (%) or mean ± SD, after imputation for covariates], overall and by category of major 
roadway proximity at birth address   
Characteristic 
Overall 
(n=1,109) 
 
≥200 m from a major 
roadway (n=970) 
50‒<200 m 
 from a major 
roadway (n=100) 
<50 m from a major 
roadway (n=34) 
Cognitive Assessments     
Verbal IQ (KBIT-2) (n=1,099) 111.8 ± 15.1 111.9 ± 15.3 112.4 ± 14.0 107.8 ± 14.1  
Non-Verbal IQ (KBIT-2) (n=1,109) 106.3 ± 17.0 106.4 ± 16.8 108.4 ± 16.7 98.6 ± 20.5 
Visual Motor (WRAVMA) (n=1,102) 92.0 ± 16.7
 
92.3 ± 16.9 90.7 ± 15.2 87.9 ± 16.9 
Design Memory (WRAML2) (n=1,105) 8.0 ± 2.8 8.0 ± 2.8 8.1 ± 2.6 8.0 ± 2.8 
Picture Memory (WRAML2) (n=1,105) 8.9 ± 3.0 8.9 ± 3.0 8.6 ± 2.9 8.7 ± 3.2 
Child characteristics     
Age at testing (years) 8.0 ± 0.8 8.0 ± 0.9 7.9 ± 0.8 7.9 ± 0.9 
Sex     
Female (%) 555 (50) 477 (49) 58 (58) 17 (50) 
Male (%) 554 (50) 493 (51) 42 (42) 17 (50) 
Gestational age (weeks) 39.5 ± 1.8 39.6 ± 1.8 39.5 ± 1.7  39.1 ± 2.4 
Birth weight (grams) 3,486 ± 560 3,493 ± 559  3,526 ± 506 3,206 ± 679 
Birth weight/gestational age z-score 0.19 ± 0.97 0.20 ± 0.98 0.33 ± 0.89  -0.27 ± 1.02 
Duration of breastfeeding (months up to 12) 6.3 ± 4.8 6.3 ± 4.8  6.5 ± 4.7 5.5 ± 4.2  
Early childhood blood lead (µg/dL) 2.3 ± 2.1 2.3 ± 2.0 2.3 ± 1.7 2.7 ± 2.6 
Maternal characteristics     
Age at enrollment (years) 32.1 ± 5.4 32.2 ± 5.3 31.2 ± 5.7 30.5 ± 5.7 
IQ (KBIT-2 composite) 106.3 ± 15.5 106.4 ± 15.4 106.5 ± 16.6 103.7 ± 14.1  
Parity      
Nulliparous (%) 528 (48) 465 (48) 42 (42) 17 (50) 
1 (%) 400 (36) 341 (35) 43 (43) 15 (44) 
≥2 (%) 181 (16) 164 (17) 15 (15) 2 (6) 
Education      
College degree or beyond (%) 752 (68) 651 (67) 73 (73) 24 (71) 
Less than college degree (%) 357 (32) 319 (33) 27 (27) 10 (29) 
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Race/ethnicity     
White (%) 747 (67) 665 (69) 62 (62) 17 (50) 
Black (%) 181 (16) 149 (15) 23 (23) 9 (26) 
Asian (%) 59 (5) 50 (5) 5 (5) 4 (12) 
Hispanic (%) 72 (6) 62 (6) 7 (7) 2 (6) 
Other (%) 50 (5) 44 (5) 3 (3) 2 (6) 
Alcohol consumption during pregnancy (g/day) 0.18 ± 0.25 0.18 ± 0.25  0.20 ± 0.29 0.15 ± 0.24  
Smoking status     
Smoked during pregnancy (%) 109 (10) 94 (10) 12 (12) 3 (9) 
Former smoker (%) 214 (19) 191 (20) 16 (16) 7 (21) 
Never smoker (%) 786 (71) 685 (71) 72 (72) 24 (71) 
Exposure to secondhand smoke during 
pregnancy 
    
≥1 hour per week (%) 189 (17) 160 (17) 22 (22) 5 (15) 
<1 hour per week (%) 920 (83) 810 (84) 78 (78) 29 (85) 
Marital/cohabitation status     
Married or cohabitating (%) 1,011 (91) 887 (91) 88 (88) 32 (94) 
Not married or cohabitating (%) 98 (9) 83 (9) 12 (12) 2 (6) 
Blood lead in pregnancy (µg/dL) 1.2 ± 0.8 1.2 ± 0.8 1.3 ± 0.9 1.5 ± 1.0 
Paternal characteristics 
    
Education     
College degree or beyond (%) 699 (63) 609 (63) 63 (63) 24 (72) 
Less than college degree (%) 411 (37) 361 (37) 38 (38) 10 (29) 
Household/neighborhood characteristics     
Household income at mid-childhood     
≤$40K (%) 141 (13) 115 (12) 19 (19) 5 (16) 
$>40‒≤70K (%) 153 (14) 137 (14) 11 (11) 4 (13) 
$>70‒≤150K (%) 502 (45) 454 (47) 34 (34) 13 (37) 
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>$150 K (%) 313 (28) 264 (27) 35 (35) 12 (34) 
HOME-SF scorea 18.4 ± 2.2 18.3 ± 2.3 18.3 ± 2.1 18.8 ± 1.9 
Gas stove in home at age 1     
Yes (%) 652 (59) 570 (59) 59 (59) 20 (60) 
No (%) 457 (41) 400 (41) 41 (41) 14 (41) 
Census tract median annual household income, 
address at cognitive testing ($) 
64,800 ± 
24,733 64,743 ± 23,869  63,810 ± 28,889 73,046 ± 34,727 
SD, standard deviation. 
aHome Observation for Measurement of the Environment (Short Form); scale: 0-22, with higher scores representing better support for 
cognitive development in home. 
 
  
   
 
 
41
 
Table 2.3 Traffic-related pollution exposures 
Exposure N Mean ± SD or N (%) 
Proximity to major roadway, birth address 1104  
 <50 m   34 (3%) 
50‒<200 m   100 (9%) 
≥200 m  970 (88%) 
Proximity to major roadway, mid-childhood address 1102  
<50 m   26 (2%) 
50‒<200 m   88 (8%) 
≥200 m   988 (90%) 
Near-residence traffic density   
Birth address (km*vehicles/day) 1101 1,428 ± 1,850 
Mid-childhood address (km*vehicles/day) 993 1,140 ± 1,620 
Black carbon (BC) exposure    
Third trimester (µg/m3) 1095 0.69 ± 0.23 
Birth‒age 6 (µg/m3) 945 0.56 ± 0.16 
Year before cognitive testing (µg/m3) 965 0.47 ± 0.15 
Fine particulate (PM2.5) exposure    
Third trimester (µg/m3) 960 12.3 ± 2.6 
Birth‒age 6 (µg/m3) 975 11.3 ± 1.7 
Year before cognitive testing (µg/m3) 1036 9.4 ± 1.9 
SD, standard deviation.  
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Table 2.4 Spearman correlation coefficients among continuous exposure variables 
Exposure 
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Near-residence traffic density           
Birth address (km*vehicles/day) -0.35 -0.22 - 0.54 0.49 0.49 0.39 0.31 0.35 0.17 
Mid-childhood address 
(km*vehicles/day) 
-0.23 -0.40 0.54 - 0.39 0.60 0.65 0.28 0.45 0.37 
Black carbon (BC) exposure            
Third trimester (µg/m3) -0.31 -0.25 0.49 0.39 - 0.71 0.58 0.52 0.44 0.23 
Birth‒age 6 (µg/m3) 
-0.29 -0.38 0.49 0.60 0.71 - 0.88 0.38 0.61 0.39 
Year before cognitive testing 
(µg/m3) 
-0.25 -0.40 0.39 0.65 0.58 0.88 - 0.33 0.54 0.45 
Fine particulate (PM2.5) exposure            
Third trimester (µg/m3) -0.29 -0.18 0.31 0.28 0.52 0.38 0.33 - 0.59 0.27 
Birth‒age 6 (µg/m3) 
-0.29 -0.34 0.35 0.45 0.44 0.61 0.54 0.59 - 0.64 
Year before cognitive testing 
(µg/m3) 
-0.19 -0.27 0.17 0.37 0.23 0.39 0.45 0.27 0.64 - 
All correlation coefficient p-values <.0001 
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Table 2.5 Third trimester black carbon exposure across levels of covariates 
Characteristic Mean ± SD third trimester black carbon exposure (µg/m3) 
Maternal characteristics  
Parity   
Nulliparous (%) 0.71 ± 0.23 
1 (%) 0.68 ± 0.23 
 ≥2 (%) 0.68 ± 0.24 
Education   
College degree or beyond (%) 0.67 ± 0.23 
Less than college degree (%) 0.75 ± 0.22 
Race/ethnicity 
 
White (%) 0.65 ± 0.23 
Black (%) 0.79 ± 0.18 
Asian (%) 0.73 ± 0.22 
Hispanic (%) 0.78 ± 0.21 
Other (%) 0.81 ± 0.21 
Smoking status  
Smoked during pregnancy (%) 0.71 ± 0.23 
Former smoker (%) 0.66 ± 0.25 
Never smoker (%) 0.70 ± 0.23 
Exposure to secondhand smoke during 
pregnancy  
 
≥1 hour per week (%) 0.74 ± 0.23 
<1 hour per week (%) 0.68 ± 0.24 
Marital/cohabitation status 
 
Married or cohabitating (%) 0.68 ± 0.23 
Not married or cohabitating (%) 0.81 ± 0.19 
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Paternal characteristics  
Education   
College degree or beyond (%) 0.66 ± 0.24 
Less than college degree (%) 0.74 ± 0.23 
Household/neighborhood 
characteristics 
 
Household income at mid-childhood  
≤$40K (%) 0.77 ± 0.21 
$>40‒≤70K (%) 0.76 ± 0.22 
$>70‒≤150K (%) 0.68 ± 0.24 
>$150 K (%) 0.65 ± 0.23 
Gas stove in home at age 1  
Yes (%) 0.73 ± 0.19 
No (%) 0.65 ± 0.31 
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Table 2.6 Mean differences in cognitive assessment scores associated with IQR increases in prenatal near-residence traffic density, black 
carbon, and fine particulate matter exposure (95% confidence intervals)a 
Exposure Verbal IQ (KBIT-2)b 
Non-Verbal IQ 
(KBIT-2)b 
Visual Motor 
(WRAVMA)b 
Design Memory 
(WRAML2)c 
Picture Memory 
(WRAML2)c 
Ln(Near-residence traffic 
density at birth address) 0.2 (-0.3, 0.8)
 
 0.8 (0.1, 1.6) 0.7 (-0.1, 1.5) 0.1 (0.0, 0.2) 0.1 (0.0, 0.2) 
Third trimester BC 0.2 (-0.9, 1.3)  1.3 (-0.2, 2.7) 0.9 (-0.6, 2.4) -0.1 (-0.3, 0.2) -0.1 (-0.3, 0.2) 
Third trimester PM2.5  -0.2 (-1.4, 1.1)  -0.2 (-1.8, 1.4) 0.9 (-0.8, 2.5) -0.1 (-0.3, 0.2)  0.1 (-0.2, 0.4) 
IQR, interquartile range; BC, black carbon; PM2.5, fine particulate matter. IQR=1.6 ln(km*vehicles/day) for traffic density at birth, 0.32 
µg/m3 for third trimester BC, 3.8 µg/m3 for third trimester PM2.5. 
a All models adjusted for characteristics of child (age, sex, breastfeeding duration, early childhood blood lead), mother (age, parity, 
race/ethnicity, education, IQ, marital/cohabitation status, and blood lead, smoking, secondhand smoke exposure, and alcohol in 
pregnancy), father (education), household (income, home caretaking environment, gas stove) and neighborhood (census tract median 
income). BC and PM2.5 models also adjusted for seasonal trends. 
b KBIT-2 and WRAVMA scores standardized to mean=100, standard deviation=15. 
c WRAML2 scores standardized to mean=10, standard deviation=3. 
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Table 2.7 Minimally adjusted model results for mean differences in cognitive assessment scores associated with major roadway proximity 
and interquartile range increases in near-residence traffic density, black carbon (BC) and fine particulate matter (PM2.5) exposure (95% 
confidence intervals)a 
Exposure Verbal IQ (KBIT-2)c 
Non-Verbal IQ 
(KBIT-2)c 
Visual Motor 
(WRAVMA)c 
Design Memory 
(WRAML2)d 
Picture Memory 
(WRAML2)d 
Proximity to major roadway at 
birth address      
 <50 m  -4.3 (-9.5, 0.9) -7.8 (-13.6, -2.0) -4.6 (-10.3, 1.1) 0.0 (-0.9, 1.0) -0.2 (-1.3, 0.8) 
50‒<200 m  0.0 (-3.0, 3.1) 1.8 (-1.6, 5.3) -2.1 (-5.5, 1.3) 0.1 (-0.5, 0.7) -0.4 (-1.0, 0.3) 
≥200 m 0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 
Proximity to major roadway at 
mid-childhood address      
<50 m  -2.8 (-8.7, 3.1) -7.7 (-14.2, -1.1) -0.5 (-7.0, 5.9) 0.1 (-1.0, 1.2) 0.2 (-1.0, 1.4) 
50‒<200 m  0.0 (-3.3, 3.3) 2.9 (-0.7, 6.6) -1.7 (-5.4, 1.9) -0.2 (-0.8, 0.4) 0.3 (-0.4, 0.9) 
≥200 m  0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 
Ln (near-residence traffic 
density)      
Birth address  -0.3 (-0.9, 0.4) 0.6 (-0.2, 1.3) 0.5 (-0.3, 1.2) 0.1 (-0.1, 0.2) 0.1 (0.0, 0.2) 
Mid-childhood address  -1.3 (-2.5, -0.1) -0.1 (-1.5, 1.2) -0.5 (-1.9, 0.8) 0.0 (-0.3, 0.2) -0.1 (-0.3, 0.2) 
   
 
 
47
 
 BC exposure      
Third trimester -1.9 (-3.2, -0.7) 0.2 (-1.2, 1.6) 0.1 (-1.3, 1.5) -0.2 (-0.4, 0.1) -0.1 (-0.4, 0.1) 
Birth‒age 6 -2.6 (-3.9, -1.4) -0.3 (-1.8, 1.1) -0.4 (-1.9, 1.0) -0.2 (-0.4, 0.0) -0.2 (-0.4, 0.1) 
Year before behavioral 
assessment -2.4 (-3.6, -1.1) -1.0 (-2.4, 0.5) -1.0 (-2.4, 0.4) -0.2 (-0.4, 0.0) -0.1 (-0.3, 0.2) 
PM2.5 exposure       
Third trimester  -0.8 (-2.3, 0.6) -0.1 (-1.7, 1.5) 0.6 (-1.0, 2.1) -0.1 (-0.4, 0.1) 0.1 (-0.2, 0.4) 
Birth‒age 6 -1.9 (-3.0, -0.8) -0.3 (-1.6, 0.9) 0.7 (-0.6, 1.9) -0.3 (-0.5, -0.1) 0.0 (-0.2, 0.3) 
Year before behavioral 
assessment -1.0 (-2.2, 0.2) -0.4 (-1.8, 1.0) 0.3 (-1.0, 1.7) -0.2 (-0.4, 0.0) -0.1 (-0.3, 0.2) 
BC, black carbon; PM2.5, fine particulate matter. Interquartile range=1.6 ln(km*vehicles/day) for traffic density at birth, 1.8 
ln(km*vehicles/day) for traffic density at mid-childhood, 0.32 µg/m3 for third trimester BC, 0.22 µg/m3 for birth‒age 6 BC, 0.20 µg/m3 for 
BC in year before cognitive testing, 3.8 µg/m3 for third trimester PM2.5, 2.1 µg/m3 for birth‒age 6 PM2.5, 2.5 µg/m3 for PM2.5 in year before 
cognitive testing. 
a
 Adjusted for child age at cognitive testing and sex. Third trimester BC and PM2.5 models also adjusted for seasonal trends.  
b KBIT-2 and WRAVMA scores standardized to mean=100, standard deviation=15. 
c WRAML2 scores standardized to mean=10, standard deviation=3. 
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Table 2.8 Mean differences in cognitive assessment scores associated with childhood major roadway proximity, and interquartile range 
increases in near-residence traffic density, black carbon (BC) and fine particulate matter (PM2.5) exposure (95% confidence intervals)a 
Exposure Verbal IQ (KBIT-2)b 
Non-Verbal IQ 
(KBIT-2)b 
Visual Motor 
(WRAVMA)b 
Design 
Memory 
(WRAML2)c 
Picture 
Memory 
(WRAML2)c 
Proximity to major roadway at 
mid-childhood address      
  <50 m 1.0 (-4.0, 6.0)  -5.6 (-11.9, 0.8) 0.4 (-6.1, 6.9) 0.2 (-0.9, 1.3) 0.2 (-1.0, 1.4) 
  50-<200 m 1.0 (-1.8, 3.7) 3.2 (-0.4, 6.8) -1.4 (-5.0, 2.3) -0.2 (-0.8, 0.4) -0.3 (-0.4, 0.9) 
  ≥200 m  0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 0.0 (Reference) 
Ln(Near-residence traffic density 
at mid-childhood address) 1.1 (0.0, 2.2) 1.1 (-0.4, 2.5) 0.1 (-1.4, 1.6) 0.1 (-0.1, 0.4)  0.0 (-0.3, 0.3) 
BC exposure, birth‒age 6 0.9 (-0.4, 2.2) 1.7 (0.1, 3.4) 0.7 (-1.0, 2.4) -0.1 (-0.4, 0.2) -1.0 (-0.4, 0.2) 
BC exposure, year before 
cognitive testing 1.1 (-0.2, 2.4) 0.7 (-0.9, 2.4) -0.2 (-1.8, 1.5) -0.1 (-0.4, 0.2) 0.0 (-0.3, 0.3) 
PM2.5 exposure, birth‒age 6 0.7 (-0.4, 1.7) 1.1 (-0.2, 2.5) 1.8 (0.4, 3.2) -0.2 (-0.4, 0.1) 0.1 (-0.1, 0.4) 
PM2.5 exposure, year before 
cognitive testing 1.1 (0.0, 2.2) 0.7 (-0.8, 2.1) 1.0 (-0.5, 2.5) -0.1 (-0.4, 0.1) 0.0 (-0.2, 0.3) 
BC, black carbon; PM2.5, fine particulate matter. Interquartile range=1.8 ln(km*vehicles/day) for traffic density at mid-childhood, 0.22 
µg/m3 for birth‒age 6 BC, 0.20 µg/m3 for BC in year before cognitive testing, 2.1 µg/m3 for birth‒age 6 PM2.5, 2.5 µg/m3 for PM2.5 in year 
before cognitive testing. 
a All models adjusted for characteristics of child (age, sex, breastfeeding duration, early childhood blood lead), mother (age, parity, 
race/ethnicity, education, IQ, marital/cohabitation status, and blood lead, smoking, secondhand smoke exposure, and alcohol in 
pregnancy), father (education), household (income, home caretaking environment, gas stove) and neighborhood (census tract median 
income).  
b KBIT-2 and WRAVMA scores standardized to mean=100, standard deviation=15. 
c WRAML2 scores standardized to mean=10, standard deviation=3.  
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Table 2.9 Characteristics of study subjects with and without imputation of covariates, and enrolled subjects excluded from the present 
study due to missing exposure or outcome data 
Characteristic 
N,  
observations 
for which 
missing data 
was imputed 
Mean ± SD or %, 
study participants, 
with imputed 
covariates (n=1,109) 
Mean ± SD or %, 
study participants, 
without imputation 
(n=1,109) 
Mean ± SD or %, 
excluded Project 
Viva participants 
(n=1,019) 
Exposures     
Proximity to major roadway at birth address -    
<50 m  - 3 3 4 
50‒<200 m  - 9 9 9 
≥200 m 
- 88 88 88 
Near-residence traffic density     
Birth address (km*vehicles/day) - 1,428 ± 1,850 1,428 ± 1,850 1,563 ± 2,330 
Black carbon (BC) exposure      
Third trimester (µg/m3) - 0.69 ± 0.23 0.69 ± 0.23 0.70 ± 0.25 
Fine particulate (PM2.5) exposure      
Third trimester (µg/m3) - 12.3 ± 2.6 12.3 ± 2.6 12.2 ± 2.4 
Cognitive Assessments     
KBIT-2 – Verbal IQ - 111.8 ± 15.1 111.8 ± 15.1 - 
KBIT-2 – Non-Verbal IQ - 106.3 ± 17.0 106.3 ± 17.0 - 
WRAVMA – Visual Motor - 92.0 ± 16.7
 
92.0 ± 16.7
 - 
WRAML2 – Design Memory - 8.0 ± 2.8 8.0 ± 2.8 - 
WRAML2 – Picture Memory - 8.9 ± 3.0 8.9 ± 3.0 - 
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Child characteristics     
Age at testing (years) 0 8.0 ± 0.9 8.0 ± 0.8 - 
Sex 0    
Female (%) - 50 50 53 
Male (%) - 50 50 47 
Gestational age (weeks) 0 39.5 ± 1.8 39.5 ± 1.8 39.3 ± 2.2 
Birth weight (grams) 1 3,486 ± 559 3,486 ± 560 3,433± 625 
Birth weight/gestational age z-score 1 0.19 ± 0.97 0.19 ± 0.97 0.15 ± 0.97 
Duration of breastfeeding (months up to 12) 81 6.3 ± 4.8 6.5 ± 4.6 4.5 ± 4.3 
Early childhood blood lead (µg/dL) 690 2.3 ± 2.1 2.2 ± 1.4 2.5 ±1.8 
Maternal characteristics     
Age at enrollment (years) 0 32.1 ± 5.3 32.1 ± 5.4 31.5 ± 5.1 
IQ (KBIT-2 composite) 21 106.3 ± 15.5 106.3 ± 15.4 - 
Parity  0    
Nulliparous (%) - 48 48 48 
1 (%) - 36 36 35 
 ≥2 (%) - 16 16 17 
Education  11    
College degree or beyond (%) - 68 68 61 
Less than college degree (%) - 32 32 39 
Race/ethnicity 6    
White (%) - 67 68 65 
Black (%) - 16 16 17 
Asian (%) - 5 5 6 
Hispanic (%) - 6 6 8 
Other (%) - 5 5 3 
Alcohol consumption during pregnancy (g/day) 124 0.18 ± 0.25 0.18 ± 0.24 0.19 ± 0.26 
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Smoking status 4    
Smoked during pregnancy (%) - 10 10 16 
Former smoker (%) - 19 19 18 
Never smoker (%) - 71 71 66 
Exposure to secondhand smoke during 
pregnancy  117    
≥1 hour per week (%) - 17 16 16 
<1 hour per week (%) - 83 84 84 
Marital/cohabitation status 7    
Married or cohabitating (%) - 91 91 92 
Not married or cohabitating (%) - 9 9 8 
Blood lead in pregnancy (µg/dL) 538 1.2 ± 0.8 1.2 ± 0.6 1.3 ± 0.8 
Paternal characteristics     
Education  112    
College degree or beyond (%) - 63 67 62 
Less than college degree (%) - 37 33 38 
Household/neighborhood characteristics     
Household income at mid-childhood 70    
≤$40 K (%) - 13 12 - 
$≥40‒<70 K (%) - 14 14 - 
$>70‒≤150 K (%) - 45 46 - 
>$150 K (%) - 28 29 - 
Household income at birth -    
≤$40 K (%) - - 15 17 
$>40‒≤70 K (%) - - 21 26 
>$70 K (%) - - 64 58 
HOME-SF scorea 34 18.4 ± 2.2 18.4 ± 2.2 - 
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a Home Observation for Measurement of the Environment (Short Form); scale: 0-22, with higher scores representing better support for 
cognitive development in home. 
  
Gas stove in home at age 1 230    
Yes (%) - 59 58 54 
No (%) - 41 42 46 
Census tract median annual household income, 
address at cognitive testing ($) 6 64,800 ± 24,678 64,902 ± 24,759 - 
Census tract median annual household income, 
address at birth ($) - - 56,905 ± 21,607 57,124 ± 21,113 
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Figure 2.1 Mean differences in cognitive assessment scores associated with residential proximity to major roadway at birth (+ 95% 
confidence intervals) 
 
Figure 2.1a displays results for standardized cognitive assessment scores scaled to mean=100, standard deviation=15 (KBIT-2 verbal and 
non-verbal IQ; WRAVMA visual motor).  Figure 2.1b displays results for standardized cognitive assessment scores scaled to mean=10, 
standard deviation=3 (WRAML2 design memory and picture memory). All models adjusted for characteristics of child (age, sex, 
breastfeeding duration, early childhood blood lead), mother (age, parity, race/ethnicity, education, IQ, marital/cohabitation status, and 
blood lead, smoking, secondhand smoke exposure, and alcohol in pregnancy), father (education), household (income, home caretaking 
environment, gas stove) and neighborhood (census tract median income).   
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Figure 2.2 Associations (+ 95% confidence intervals) between verbal IQ scorea and black carbon (BC) exposure with staged adjustment 
for influential covariatesb 
 
IQR, interquartile range. IQR: third trimester=0.32 µg/m3, birth‒age 6=0.22 µg/m3, year before cognitive testing= 0.20 µg/m3. 
a
 KBIT-2 score standardized to mean=100, standard deviation=15. 
b
 Model 0 adjusted for child sex and age. Model 1 adjusted for characteristics of child (age, sex, breastfeeding duration, early childhood 
blood lead), mother (age, parity, race/ethnicity, education, IQ, marital/cohabitation status, and blood lead, smoking, secondhand smoke 
exposure, and alcohol in pregnancy), father (education), household (income, home caretaking environment, gas stove) and neighborhood 
(census tract median income). All third trimester models also adjusted for seasonal trends.  
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ABSTRACT 
Background: Traffic-related air pollution exposure may influence brain development 
and function and thus be related to neurobehavioral problems in children, but little is 
known about windows of susceptibility.  
Aims: Examine associations of gestational and childhood exposure to traffic-related 
pollution with executive function and behavior problems in children.  
Methods: We studied associations of pre- and postnatal pollution exposures with 
neurobehavioral outcomes in 1,212 children in the Project Viva pre-birth cohort followed 
to mid-childhood (median age 7.7 years). Parents and classroom teachers completed the 
Behavior Rating Inventory of Executive Function (BRIEF), and the Strengths and 
Difficulties Questionnaire (SDQ). Using validated spatiotemporal models, we estimated 
exposure to black carbon (BC) and fine particulate matter (PM2.5) in the third trimester of 
pregnancy, from birth to 6 years, and in the year before behavioral assessment. We also 
measured residential distance to major roadways and near-residence traffic density at 
birth and in mid-childhood. We estimated associations with BRIEF and SDQ scores, 
adjusted for potential confounders.  
Results: Higher childhood BC exposure was associated with higher teacher-rated BRIEF 
Behavioral Regulation Index (BRI) scores, indicating greater problems: 1.0 points (95% 
confidence interval (CI): 0.0, 2.1) per interquartile range (IQR) increase in birth-age 6 
BC, and 1.7 points (95% CI: 0.6, 2.8) for BC in the year prior to assessment. Mid-
childhood residential traffic density was also associated with BRI score (0.6, 95% CI:  
0.1, 1.1). PM2.5 exposure was associated with teacher-rated BRIEF and SDQ scores in 
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minimally adjusted models but associations attenuated with covariate adjustment. Third 
trimester BC exposure was not associated with teacher-rated BRI scores (-0.2, 95% CI:  -
1.1, 0.8), and predicted lower scores (fewer problems) on the BRIEF Metacognition 
Index (-1.2, 95% CI: -2.2, -0.2) and SDQ total difficulties (-0.9, 95% CI: -1.4, -0.4). 
None of the parent-rated outcomes suggested adverse effects of greater pollution 
exposure at any time point.  
Conclusions: Children with higher childhood exposure to BC and greater near-residence 
traffic density had greater problems with behavioral regulation as assessed by classroom 
teachers, but not as assessed by parents. Prenatal exposure to traffic-related pollution did 
not predict greater executive function or behavior problems; third trimester BC was 
associated with lower scores (representing fewer problems) on measures of 
metacognition and behavioral problems.  
 
BACKGROUND 
An accumulating body of evidence suggests that early life exposure to traffic-
related air pollution can affect the developing brain (Block et al. 2012; Calderon-
Garciduenas et al. 2014; Costa et al. 2014). Recent epidemiologic studies have examined 
whether air pollution exposure increases risk for adverse behavioral development 
including behaviors related to attention deficit hyperactivity disorder (ADHD). Higher 
childhood exposure to particulate matter (PM10) was associated with increased prevalence 
of ADHD among school age children in India, where vehicular emissions are one 
important source of particulate pollution (Siddique et al. 2011). In a Boston cohort of 7-
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14 year olds, lifetime (since birth) childhood exposure to black carbon (BC), a marker of 
traffic pollution, was associated with worse performance on computerized assessments of 
attention (Chiu et al. 2013). Among Cincinnati children, higher exposure to traffic-related 
elemental carbon in the first year of life predicted greater hyperactive behaviors at age 7 
(Newman et al. 2013). In China, children from a more polluted city performed worse on 
assessments of attention, motor skills, and sensory function than children from a less 
polluted city (Wang et al. 2009). Prenatal exposure to polycyclic aromatic hydrocarbons, 
air pollutants related to traffic and other forms of combustion, predicted increased 
attention problems and anxiety/depression behaviors at age 6-7 and greater ADHD-
related behaviors at age 9 among children in New York City (Perera et al. 2012; Perera et 
al. 2014).  
While findings to date suggests a link between traffic-related pollution and 
neurobehavioral outcomes, additional research is needed to identify particular 
components of traffic-related pollution that are most influential, developmental windows 
that are most sensitive, and aspects of childhood neurobehavior that are most affected. To 
investigate these questions in a large prospective cohort followed from pregnancy 
onwards, we examined several measures of prenatal and childhood exposure to traffic-
related pollution [BC and fine particulate matter with aerodynamic diameter ≤ 2.5 µm 
(PM2.5) estimated at the residence level, residential proximity to major roadways, and 
near-residence traffic density] in relation to assessments of children’s executive function 
and behavior problems, as reported by parents and classroom teachers.  
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METHODS 
Study population 
Participants were drawn from Project Viva, a longitudinal pre-birth cohort of 
2,128 mother and child pairs (Oken et al. 2015). Mothers were enrolled from 1999 to 
2002 during initial prenatal visits at eight obstetrical offices of Atrius Harvard Vanguard 
Medical Associates, a multi-specialty group practice with locations in urban and 
suburban Eastern Massachusetts. To be eligible, mothers needed to be ≤22 weeks 
gestation at enrollment (median=9.9 weeks), able to communicate in English, report no 
plans to move out of the study area, and give birth to live singleton infants. Viva staff 
administered a range of health and developmental assessments at prenatal visits and 
periodic follow-up visits during infancy and childhood, and participants completed 
annual questionnaires regarding health-related behaviors.  Mothers reported their 
residential address at enrollment and each follow-up encounter. At a Project Viva study 
visit in mid-childhood (median age 7.7 years, range 6.6‒10.9), mothers and classroom 
teachers reported behavior of child participants using validated questionnaires. The 
present study included participants with at least one behavioral rating scale and one 
measure of traffic-related pollution exposure (n=1,212). Depending on the analysis, final 
sample sizes ranged from 758 to 1,185. The Institutional Review Board of Harvard 
Pilgrim Health Care approved this analysis. All mothers provided written informed 
consent and children provided verbal assent at the mid-childhood visit. 
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Traffic-related pollutant exposures 
We geocoded participants’ residential addresses using ArcGIS 10.1 with Street 
MapTM North America (ESRI, Redlands, CA), aerial photographs, and internet 
resources. Based on these addresses, and using daily estimates from validated 
spatiotemporal land use regression models, we assessed mean exposure of participants to 
black carbon (BC) and fine particulate matter (PM2.5) during three periods: the third 
trimester of gestation, the first six years of life, and the year preceding behavioral 
assessments.  The third trimester mean was selected a priori to represent prenatal 
exposure because third trimester exposure estimates were available for a larger number of 
participants than first or second trimester exposures; the third trimester is also the period 
of gestation when brain development is most rapid (Tau and Peterson 2010).  
Methodologies for the pollutant models have been described (Gryparis et al. 2007; 
Kloog et al. 2012; Zanobetti et al. 2014).  Briefly, the BC model incorporates data on area 
land use, traffic density, meteorology, and daily BC measurements from a central 
monitoring site on the roof of the Harvard Countway Library of Medicine in Boston, and 
BC measurements from 148 permanent and temporary BC monitors operating in Eastern 
Massachusetts between January 1999 and August 2011 (Gryparis et al. 2007; Zanobetti et 
al. 2014). The PM2.5 model uses satellite aerosol optical depth measurements at the 10 km 
× 10 km grid scale for the years 2000-2010 (from the Moderate Resolution Imaging 
Spectroradiometer aboard the Earth Observing System satellites), and also includes daily 
ground-level measurements of PM2.5 from United States Environmental Protection 
Agency and Interagency Monitoring of Protected Visual Environments networks, along 
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with data on area land use, meteorology, and locations of major roads and other sources 
of PM2.5 (Kloog et al. 2012). We estimated BC and PM2.5 exposures for all participants 
who lived in the areas covered by the models (Eastern Massachusetts for the BC model, 
New England for the PM2.5 model) for at least 90% of the days in a given exposure 
period.  
 
Residential distance to major roadway and near-residence traffic density 
We calculated residential distance to a major roadway and near-residence traffic 
density at two timepoints: child’s birth date (to represent prenatal and perinatal exposure) 
and date of mid-childhood behavioral assessment (to represent proximal exposure). Using 
ArcGIS, we measured the distance in meters from each geocoded residence to nearest 
major roadway (US Census feature class A1 or A2, denoting major federal and state 
roads likely to have significant volumes of traffic). Near-residence traffic density was 
defined as the length in kilometers of all roads within 100 meters of a residence, 
multiplied by the traffic counts for those roads (vehicles/day) [as in (Zeka et al. 2008)]. 
We accessed traffic count data from the Massachusetts Department of Transportation 
through the Office of Geographic Information (MassGIS). 
 
Neurobehavioral outcomes 
Parents and teachers were asked to complete two validated behavioral 
assessments of child participants: the Behavior Rating Inventory of Executive Function 
(BRIEF) and the Strengths and Difficulties Questionnaire (SDQ). The BRIEF evaluates 
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executive function, assessing behaviors including planning and organization, working 
memory, inhibition of inappropriate impulses, emotional control, and ability to re-
evaluate and shift problem solving approaches (Gioia et al. 2000). Trained Project Viva 
staff scored completed BRIEF questionnaires according to published guidelines to 
generate two index scores (Metacognition (MI) and Behavioral Regulation (BRI)), and 
one overall Global Executive Composite score (GEC), which combines the MI and BRI. 
The MI, BRI, and GEC scores were each standardized to mean=50, standard deviation 
(SD)=10 using published reference data; higher scores represent greater problems (Gioia 
et al. 2000). The SDQ assesses problem behaviors in four categories (hyperactivity, 
emotional problems, conduct problems, and peer problems) (Goodman 1997), and has 
good agreement with the Child Behavior Checklist  (Goodman and Scott 1999; Stone et 
al. 2010). SDQ questionnaires were scored by trained Project Viva staff, yielding sub-
scores in each behavioral category and a measure of total behavioral difficulties (possible 
scores range from 0‒40 with higher scores representing greater problems).  
 
Covariates 
We accessed information on participant demographics and health-related 
behaviors from Project Viva questionnaires and interviews. We collected data on 
children’s birth weight and date of birth from hospital medical records.  At the mid-
childhood study visits, we administered the Kaufman Brief Intelligence Test (KBIT-2) to 
mothers to determine maternal full scale IQ (Kaufman and Kaufman 2004). Mothers also 
completed the Home Observation for Measurement of the Environment-Short Form 
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(HOME-SF), a validated measure of emotional support and cognitive stimulation in the 
child's home (Frankenburg and Coons 1986). We analyzed maternal blood lead level 
using blood samples provided by mothers (n=630) during pregnancy. We also accessed 
available clinical blood lead measures from early childhood from medical records for a 
subset of child participants (n=434). Using data from the 2000 US Census and geocoded 
addresses, we recorded median household income for the census tract of residence at the 
time of behavioral assessment (United States Census Bureau, 2000).  
 
Statistical analyses 
We evaluated correlation among exposures, outcomes, and covariates by 
calculating Spearman rank correlation coefficients. We ran separate multivariate linear 
regression models to assess relationships of each exposure measure (BC, PM2.5, distance 
to major roadway, near-residence traffic density) with each outcome score (parent- and 
teacher-rated BRIEF GEC, BRIEF MI, BRIEF BRI and SDQ total difficulties) for each 
exposure window (third trimester, first six years of life, and year prior to behavioral 
assessment for BC and PM2.5, birth address and address at behavioral assessment for 
distance to distance to major roadway and near-residence traffic density).  Although 
outcome scores had skewed distributions, model residuals were approximately normal. 
Sensitivity analyses employing standard errors robust to violations of normality and 
homoscedasticity assumptions confirmed the results of linear models.  
 Initial models were minimally adjusted for child sex and age at behavioral 
assessment. Primary models were adjusted for child sex and age, and a set of covariates 
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hypothesized to be potential confounders based on prior knowledge. These covariates 
included: duration of any breastfeeding (months up to 12), maternal IQ, parity (0, 1, ≥2), 
age at enrollment (<25, 25-34, ≥35 years), marital/cohabitation status (yes/no), education 
(≥college graduate/<college graduate), race/ethnicity (black, white, Hispanic, Asian, 
other), smoking status (never, former, smoked during pregnancy), exposure to 
secondhand smoke during pregnancy (<1 hour/≥1 hour per week), and alcohol 
consumption during pregnancy (g/day), paternal education (≥college graduate/<college 
graduate), presence of a gas stove in household at infancy (yes/no), annual household 
income at time of behavioral assessment (<$40K, $40-70K, $70-150K, ≥$150K), median 
income for census tract of residence at behavioral assesment, HOME-SF score, maternal 
blood lead level from pregnancy (µg/dL), and child blood lead level in early childhood 
(µg/dL). We additionally adjusted third trimester BC and PM2.5 models for seasonal 
trends (using sine and cosine functions of the date of the mid-childhood visit associated 
with the behavioral assessments) (Schwartz et al. 1991). Birth weight and gestational age 
were hypothesized to be potential causal intermediates between prenatal traffic exposure 
and neurobehavioral outcomes, so we did not adjust for these variables in primary 
models, but included gestational age (in weeks) and birth weight/gestational age z-score 
(Oken et al. 2003) as covariates in sensitivity analyses.  
In initial analyses, BC, PM2.5 and near residence traffic density exposures were 
assessed linearly as continuous variables and scaled by the interquartile range (IQR) of 
each variable. Distance to major roadway was assessed as a three category variable (<50 
m, 50‒<200 m, and ≥200 m), reflecting previously observed patterns of spatial 
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distribution for important traffic-related pollutants in relation to major roadways, with 
rapid decay as distance increases (Hart et al. 2009; Karner et al. 2010; Zhu et al. 2002). 
To assess the assumption of linearity for BC, PM, and near-residence traffic density 
models, we ran generalized additive models with cubic regression splines for continuous 
exposures (with three degrees of freedom), adjusted for the full set of primary covariates. 
Splines suggested consistent patterns of non-linearity in associations between childhood 
BC exposure and BRIEF and SDQ scores; based on visual inspection of these observed 
patterns we re-ran models for BC exposures using two-section piecewise linear models 
for mean BC concentration with a knot at 0.5 µg/m3.  Splines for PM and traffic density 
models did not suggest consistent non-linear dose-response patterns.  
To reduce bias and improve model precision (through increased sample size), we 
imputed missing covariates using a chained equation multiple imputation model (PROC 
MI in SAS) including exposure and outcome variables, study covariates, and other 
potential predictors. We generated 50 imputed data sets including all Project Viva 
participants (n=2,128) (White et al. 2011). We combined the imputed data sets using 
PROC MIANALYZE (Rubin 2004). Final models included participants with imputed 
covariate data, but participants with missing measurements of exposure or outcome for a 
given exposure-outcome analysis were excluded from that analysis 
Prior investigators have suggested that sex (Chiu et al. 2013) and maternal 
education (Newman et al 2014) may modify associations between air pollution exposure 
and behavioral outcomes. We assessed potential effect measure modification by child sex 
and maternal education level by re-running primary models for BC, PM2.5 and near-
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residence traffic density exposure with cross-product interaction terms for exposure by 
sex or exposure by maternal education (≥college graduate/<college graduate). We did not 
assess effect measure modification in major roadway proximity models because statistical 
power was limited by the low numbers of participants in most highly exposed category.  
We performed analyses in SAS Version 9.3 (SAS Institute Inc, Cary, NC) and R 
Version 3.1.3 (R Foundation for Statistical Computing, Vienna, Austria). 
 
RESULTS 
Participant characteristics and traffic-related pollution exposures 
 Table 3.1 outlines characteristics of the 1,212 study participants, overall and by 
category of BC exposure (≤0.5µg/m3 vs. >0.5µg/m3) in the year prior to behavioral 
assessment. On average, participants with higher childhood BC exposure had higher 
teacher-rated and slightly higher parent-rated SDQ and BRIEF scores (representing 
greater behavioral and executive function problems), lower birth weight and birth 
weight/gestational age z-score, lower maternal IQ, lower levels of maternal and paternal 
education, lower household income, higher rates of gas stove ownership (a potential 
source of indoor air pollution), and lower neighborhood median income. Mothers of 
participants with higher childhood BC exposure were more likely to be black or Hispanic 
and less likely to be white. Correlations between parent and teacher ratings on the same 
instrument were moderate (Spearman r=0.35 for the BRIEF GEC, 0.44 for the SDQ), 
while intra-rater correlations of BRIEF GEC with SDQ scores were higher (Spearman 
r=0.78 for teachers, 0.69 for parents). Participants excluded due to missing exposure or 
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outcome data (n=916, or 43% of the originally enrolled 2,128) had somewhat lower birth 
weight (3,429 versus 3,485 g), shorter duration of breastfeeding (4.2 versus 6.3 months), 
higher rates of maternal smoking in pregnancy (17 versus 10%) and somewhat lower 
levels of parental education and household income than included participants, and were 
more likely to be black or Hispanic and less likely to be white (Table 3.7). Distributions 
of covariates in the original and the imputed data sets were very similar (Table 3.7). 
 Table 3.2 summarizes levels of exposure to traffic-related pollution. BC exposure 
in the year prior to behavioral assessment [mean (SD)=0.47 (0.14) µg/m3] was positively 
correlated with third trimester mean BC (Spearman r =0.58), birth-age 6 BC (0.88), and 
all exposure periods of PM2.5 exposure and near-residence traffic density. As expected, 
BC exposure also tended to be higher among participants living <50 m or 50 to <200m 
from a major roadway compared to ≥200 m from a major roadway. Excluded participants 
had similar levels of exposure to traffic-related pollution in the prenatal period (or at birth 
address) as did included participants (Table 3.7).  
 
BC exposure and neurobehavioral scores 
 In minimally adjusted (child age and sex-adjusted) linear models, an IQR increase 
in BC exposure (0.20 µg/m3) in the year prior to behavioral assessment was associated 
with higher teacher-rated scores (indicating greater problems) on the BRIEF BRI (3.2 
points, 95% confidence interval (CI): 2.3, 4.1), MI (2.1, 95% CI: 1.2, 3.1) and SDQ (1.1, 
95% CI: 0.6, 1.7). In models adjusted for the full set of covariates, associations with BC 
in the year prior to behavioral assessment and teacher-rated scores were attenuated (BRI: 
   
 
 68
1.7 points per IQR increase, 95% CI: 0.6, 2.8; MI: 0.5, 95% CI: -0.6, 1.6; SDQ: 0.1, 95% 
CI: -0.5, 0.8). Patterns of association were similar for birth-age 6 BC exposure (Table 
3.3). Higher third trimester BC was associated with higher teacher-rated BRI in 
minimally adjusted models (1.2 points per IQR increase, 95% CI: 0.3, 2.2) but showed no 
association with teacher-rated BRI scores and an association with lower (better) MI 
scores (-1.2, 95% CI: -2.2, -0.2) in covariate-adjusted models (Table 3.3). 
Covariate-adjusted spline models suggested non-linear relationships between 
mean BC in the year prior to assessment and BRIEF and SDQ scores; visual inspection of 
plotted splines suggested inflection points at 0.4‒0.6 µg/m3 (see Figure 3.1) (patterns 
were generally similar for birth-age 6 BC). Covariate-adjusted piecewise linear 
regression models showed that among participants with year prior to behavioral 
assessment mean BC exposure above 0.5 µg/m3, a 0.2 µg/m3 increase in BC was 
associated with larger increases in BRIEF scores than seen in linear models: 4.8 points 
(95% CI: 1.7, 7.8) for the BRI and 2.9 points (95% CI: -0.3, 6.2) for the MI. Teacher-
rated SDQ scores were also higher among these participants 2.0 points per 0.2 µg/m3 BC 
(95% CI: 0.2, 3.7) (Table 3.4). Among participants with mean exposure in the year prior 
to behavioral assessment below 0.5 µg/m3, greater BC was not associated with teacher-
rated BRIEF or SDQ scores. Higher third trimester and birth-age 6 BC exposure were 
associated with higher (worse) teacher-rated BRIEF scores among participants with BC 
exposures >0.5 µg/m3, but appeared associated with lower (better) scores among 
participants with BC exposures ≤0.5 µg/m3 (Table 3.4).  
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In minimally adjusted linear models, BC exposures in the year prior to behavioral 
assessment or birth-age 6 appeared associated with slightly higher parent-rated BRIEF 
and SDQ scores, but were not associated with parent-rated assessment scores in 
covariate-adjusted models (Table 3.5). In covariate-adjusted linear models, third trimester 
BC exposure appeared associated with slightly lower parent-rated BRIEF scores 
(representing better executive function) (Table 3.5). Covariate-adjusted piecewise linear 
models showed no association for third trimester or birth-age 6 BC exposure with parent-
rated BRIEF scores in either BC exposure category, but suggested that an increase of 0.2 
µg/m3 BC in the year prior to behavioral testing was associated with higher parent-rated 
BRIEF BRI (2.5 points; 95% CI: 0.0, 5.1) and GEC scores (2.7 points; 95% CI: 0.1, 5.3) 
among participants with mean exposure >0.5 µg/m3 and somewhat lower parent-rated 
BRIEF scores among participants with mean exposure ≤0.5 µg/m3 (Table 3.6). 
 
PM2.5 exposure and neurobehavioral scores 
Third trimester, birth-age 6, and year prior to assessment mean PM2.5 exposure 
were associated with higher teacher-rated BRIEF and SDQ scores in minimally adjusted 
models, but not in covariate-adjusted models (Table 3.3). PM2.5 exposures did not appear 
associated with parent-rated BRIEF scores in either model, with the exception of 
associations between higher mean birth-age 6 PM2.5 and higher parent-rated BRIEF BRI 
and SDQ scores in minimally adjusted models (Table 3.5). 
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Traffic exposure measures and neurobehavioral scores 
  Near-residence traffic density at birth address was not associated with teacher- or 
parent-rated BRIEF scores in minimally adjusted or covariate-adjusted models. Higher 
near-residence traffic density at mid-childhood address was associated with higher 
teacher-rated BRI and MI scores in minimally adjusted models, but associations 
attenuated with adjustment for covariates, and only BRI score remained associated with 
mid-childhood near-residence traffic density (Table 3.3). Higher mid-childhood near-
residence traffic density was associated with slightly higher parent-rated BRI scores in 
minimally adjusted models, but not in covariate-adjusted models (Table 3.5).  
Teacher-rated BRIEF scores were higher among participants living <50 m from a 
major roadway at birth compared to those living ≥200 m in both minimally adjusted and 
covariate-adjusted models, but confidence intervals for estimates were wide (owing to the 
small number of participants in the <50 m category; n=34) and contained the null value 
(Table 3.3). In minimally adjusted models, there was also a suggestion of higher teacher-
rated BRIEF scores among children living close to major roadways in mid-childhood, but 
associations attenuated following adjustment for covariates (Table 3.3). Parent-rated 
BRIEF scores were not associated with roadway proximity at birth, but scores were lower 
(suggesting better executive function) among children living <50 m from a major 
roadway in mid-childhood compared to those living ≥200 m in covariate-adjusted models 
(Table 3.5).  
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Sensitivity analyses 
 Models additionally adjusted for birth weight and birth weight for gestational age 
z-score yielded results very similar to primary covariate-adjusted models (not shown). 
There were no consistent patterns of effect measure modification by child sex or maternal 
education level in observed associations (not shown). 
 
DISCUSSION 
 In our study cohort of Eastern Massachusetts children, higher average BC 
exposure from birth through age 6 and in the year proximal to behavioral assessment 
predicted greater problems with behavioral regulation (a component of executive function 
involving inhibitory control of emotion and impulses) as assessed by classroom teachers 
in mid-childhood (median age 7.7) using the BRIEF questionnaire. High correlations 
between proximal BC exposure and birth-age 6 BC exposure (Spearman r=0.88) limited 
our ability to isolate the effects of exposure in later versus earlier childhood, but BC 
exposure in the third trimester of pregnancy was not associated with worse teacher-rated 
BRIEF scores, suggesting that childhood might be a more sensitive exposure window 
than the prenatal period for any negative effects of BC exposure on executive function. 
Childhood BC exposure did not appear associated with the Metacognition Index of the 
BRIEF (which measures “higher level” executive functions related to planning and 
problem solving) (Gioia et al. 2002), indicating that the BRIEF Behavior Regulation 
Index may be a more sensitive measure of the neurodevelopmental effects of childhood 
exposure to traffic-related pollution than the Metacognition Index. 
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The observed results are consistent with findings in another Boston cohort that 
childhood BC exposure was associated with errors of commission on the Connors’ 
Continuous Performance Test, suggesting poorer inhibitory control; BC exposure also 
predicted slower reaction time in that cohort (Chiu et al. 2013). Our findings are also 
broadly similar to those of previous studies that have observed greater neurobehavioral 
problems among children with higher childhood exposure to traffic-related pollution, 
although direct comparability is limited because these studies employed different 
outcome assessments and exposure measures (Newman et al. 2013; Siddique et al. 2011; 
Wang et al. 2009). While earlier studies in New York City reported associations between 
prenatal PAH exposure and neurobehavioral problems (Perera et al. 2012; Perera et al. 
2014), prenatal exposure to BC in our cohort did not predict worse outcomes (in fact, 
teacher-rated metacognition was somewhat better among children with higher prenatal 
BC exposure). The differences between our findings and those from New York City may 
relate to differences in sources, exposure levels, or mechanism of effect for PAH in New 
York versus BC in Boston, differences in the precision of exposure estimates, or 
differences in susceptibility of the study populations. 
Multiple mechanisms may underlie the associations we observed between 
childhood exposure to traffic-related air pollution and behavior regulation problems. 
Systemic inflammatory responses or ultrafine particles that reach the brain may trigger 
neuroinflammation leading to brain damage through oxidative stress; pollution 
components including metals, solvents, and PAHs may also be directly neurotoxic (Block 
et al. 2012). In contrast to some brain regions that are more highly developed at birth, the 
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prefrontal cortex, a region thought to be important in facilitating behavioral regulation 
through inhibitory control, undergoes substantial and critical development throughout 
childhood and adolescence (Casey et al. 2000; Tsujimoto 2008).  
Evidence suggests that the prefrontal cortex may be a particularly sensitive target 
for neurological effects of air pollution exposure. Children exposed to high levels of 
urban air pollution in Mexico City had higher levels of circulating inflammatory 
cytokines and white matter lesions in the prefrontal cortex that were not seen in Mexican 
children with lower air pollution exposure (Calderon-Garciduenas et al. 2008; Calderon-
Garciduenas et al. 2011; Calderon-Garciduenas et al. 2012). Dogs exposed to Mexico 
City air pollution displayed similar white matter lesions, along with increased 
neuroinflammation in frontal white matter compared to control dogs, and deposits of 
ultrafine particles in frontal blood vessels (Calderon-Garciduenas et al. 2008). Among 
New York City children, higher PAH exposure at age 5 was associated with reduced 
surface white matter in the dorsal prefrontal regions at mean age 8 (while prenatal PAH 
exposure was independently associated with reductions in white matter surfaces 
throughout the left hemisphere of the brain) (Peterson et al. 2015). Adult volunteers given 
experimental short-term exposures to diesel exhaust displayed changes in frontal cortex 
brain activity, suggesting a stress response in that region of the brain (Cruts et al. 2008). 
Mice experimentally exposed to ultrafine particles (aerodynamic diameter <100 nm) at 
environmentally-relevant concentrations in the postnatal period showed greater 
preference for immediate reward, which may be an indicator of impulsivity (Allen et al. 
2013); exposed mice were also observed to have alterations in neurotransmitter levels, 
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including increased glutamate in the frontal cortex, which investigators postulated could 
indicate an excitotoxic mechanism of particulate air pollution in the brain (Allen et al. 
2014). 
In contrast to our findings for teacher-rated BRIEF scores, in linear models 
parent-rated BRIEF scores were not associated with childhood BC exposure and third 
trimester BC exposure predicted slightly better parent-rated BRIEF GEC scores. Parent 
and teacher ratings assess behaviors in different environments. The discrepancy between 
results for parent- and teacher-rated assessments may indicate that subtle, sub-clinical 
executive functioning problems may be more apparent in a school setting rather than at 
home. It is also possible that parent-rated assessments of child behavior are less accurate 
and more biased than ratings by classroom teachers, as teachers generally have a better 
understanding of normative developmental progress in children than parents (Mares et al. 
2007). We observed only moderate inter-rater correlation between parent and teacher 
assessments in our study population, which is consistent with patterns observed by other 
researchers and in normative population samples (Gioia et al. 2000; Mares et al. 2007).  
Our data suggested that associations between childhood BC exposure and teacher- 
and parent-rated BRIEF and SDQ scores were not linear. Below a mean exposure of 0.5 
µg/m3, higher BC childhood exposure appeared to have no effect, or a slightly beneficial 
effect, whereas above 0.5 µg/m3, higher exposure generally predicted worse BRIEF 
scores. This observed non-linearity may suggest a concentration threshold around 0.5 
µg/m3 below which childhood exposure to BC has less harmful influence on child 
executive function and behavior. It is also possible that non-linearity could stem from 
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residual confounding or effect modification by factors that differ between participants 
with higher and lower BC exposure.  
In our study population, BC exposure was higher, on average, among black and 
Hispanic participants compared to white and Asian participants. Participants with higher 
exposure to BC tended to have lower household income and live in neighborhoods with 
lower median annual household income. These findings are consistent with prior 
evidence that exposures to ambient traffic-related air pollution in urban areas are higher 
among racial and ethnic minority populations and in lower income communities (Hajat et 
al. 2013; Jerrett 2009; Jones et al. 2014). We adjusted for potential confounding by race, 
household income, neighborhood income, and other factors in our primary models, but 
influences of traffic-related pollutants and socioeconomic factors may be challenging to 
fully differentiate in this population, and it is possible that residual confounding may 
fully or partially explain the associations we observed.  
Through correlated with BC exposure, childhood PM2.5 exposure was a weaker 
predictor of teacher-rated BRIEF scores than BC. Although PM2.5 is emitted by vehicles, 
it also has many non-traffic sources, meaning PM2.5 is considered a less specific a marker 
of traffic-related pollution than BC (Karner et al. 2010). Near-residence traffic density at 
mid-childhood address, which we employed as a proxy measure of childhood exposure to 
traffic-related pollution, was also associated with a smaller increase in teacher-rated 
BRIEF scores than childhood BC exposure, suggesting that BC may be a relatively more 
harmful component of the mix of pollutants related to traffic.  
We observed suggestive evidence that closer proximity to major roadways at mid-
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childhood might be associated with worse teacher-rated BRIEF BRI scores. Teachers also 
rated children living within 50 meters of a major roadway at birth as having more 
executive function and behavior problems on average (higher BRIEF and SDQ scores), 
but the small number of children in this category (n=34) limited the precision of effect 
estimates. This pattern reflects earlier findings in the Project Viva cohort suggesting that 
children with birth addresses <50 meters from a major roadway had lower non-verbal 
intelligence, verbal intelligence and visual motor abilities in mid-childhood (although 
precision was also limited in that study) (Harris et al. 2015). In contrast, parent-rated 
BRIEF scores were lower, indicating fewer problems, for children living <50 meters from 
a major roadway at birth. It seems unlikely that this association is causal; it may be 
attributable to confounding we were unable to account for in our analyses, or may be a 
chance association. 
None of the traffic-related exposures we examined predicted worse parent- or 
teacher-rated SDQ total difficulties scores in covariate-adjusted linear models. The SDQ 
is a relatively short questionnaire, and while it has been shown to have good validity as a 
primary screening instrument for childhood psychosocial disorders (Stone et al. 2010), its 
usefulness in assessing subtle effects in community populations has been less well-
studied.  
Additional limitations of our analyses should be noted. Although our primary 
models were adjusted for maternal IQ, we lacked other measures of parental 
neurobehavior (e.g., executive function). Exposure estimates were based on residential 
addresses and time-activity data were not available, so exposure measures were certainly 
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misclassified to some degree (Lane et al. 2013). Primarily as a result of loss to follow-up 
soon after birth in Project Viva, our study included only a subset (57%) of participants 
originally enrolled in early pregnancy. While prenatal traffic-related pollution exposures 
appeared similar for excluded and included participants, some demographic 
characteristics and health-related behaviors differed between excluded and included 
participants, so selection bias is a possibility. Lastly, although the study cohort included 
participants with a range of racial/ethnic backgrounds and income levels, enrolled 
mothers all had health insurance coverage and access to early prenatal care and were on 
average highly educated and higher income, which may limit the applicability of findings 
to less advantaged populations.  
Our study also had a number of strengths. We assessed multiple measures of 
traffic-related pollution exposure and multiple developmental windows in an effort to 
investigate influential pollution components and sensitive exposure periods in relation to 
childhood executive function and behavior. We used multiple behavioral assessments 
rated by informants in multiple settings (classroom teachers and parents). We were able 
to examine and adjust for a broad range of potential confounding variables, including co-
exposures previously observed to influence neurodevelopment and multiple measures of 
household- and area-level socioeconomic status. 
 
CONCLUSION 
 Children with higher childhood exposure to BC had greater classroom teacher-
rated problems with behavioral regulation, and evidence suggested that childhood might 
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be a more sensitive exposure period than gestation for negative effects of BC exposure on 
executive function. We observed evidence of non-linearity in relationships between 
childhood BC exposure and child executive function, which might indicate a potential 
threshold for adverse neurodevelopmental effects around 0.5 µg/m3 ambient BC 
concentration.  Childhood BC exposure appeared to be more strongly predictive of 
childhood executive function problems than PM2.5 exposure, near-residence traffic 
density, or residential proximity to major roadway.  
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Table 3.1 Characteristics of study participants overall and by childhood BC exposure 
 All participantsa (n=1,212) 
Participants with mean 
BC exposure in year prior 
to behavioral assessment 
≤ 0.5 µg/m3 
(n=614) 
Participants with mean 
BC exposure in year 
prior to behavioral 
assessment > 0.5 µg/m3 
(n=395) 
 N Mean ± SD or %   
Behavioral Assessments     
Teacher-rated BRIEF Global Executive 
Composite (GEC) scoreb 878 51.0 ± 10.5 49.5 ± 8.7 54.0 ± 12.5 
Teacher-rated BRIEF Behavior Regulation 
Index (BRI) scoreb 878 50.8 ± 10.1 49.1 ± 7.7 53.9 ± 12.7 
Teacher-rated BRIEF Metacognition Index 
(MI) scoreb 878 51.1 ± 10.7 49.9 ± 9.5 53.6 ± 12.2 
Teacher-rated SDQ Total Difficulties scorec 901 6.4 ± 5.9 5.9 ± 5.3 7.5 ± 6.6  
Parent-rated BRIEF GEC scoreb 1,172 48.7 ± 9.2 48.5 ± 9.2 49.0 ± 9.1 
Parent-rated BRIEF BRI scoreb 1,172 48.2 ± 8.8 48.0 ± 8.8 48.6 ± 8.9 
Parent-rated BRIEF MI scoreb 1,172 48.4 ± 8.7 48.3 ± 8.8 48.7 ± 8.9 
Parent-rated SDQ Total Difficulties scorec 1,189 6.6 ± 4.8 6.2 ± 4.6 7.2 ± 4.9 
  
    
Child characteristics     
Age at teacher-rated behavioral assessments 
(years) 903 8.1 ± 0.8 8.0 ± 0.8 8.1 ± 0.9 
Age at parent-rated behavioral assessments 
(years) 1,195 7.9 ± 0.8 7.9 ± 0.7 8.0 ± 0.9 
Sex 1,212    
   Female (%) 608 50 51 50 
   Male (%) 604 50 49 50 
Gestational age (weeks) 1,212 39.5 ± 1.8 39.6 ± 1.7 39.5 ± 1.9 
Birth weight (grams) 1,212 3,485 ± 555 3,532 ± 536 3,417 ± 581 
Birth weight/gestational age z-score 1,212 0.19 ± 0.96 0.27 ± 0.95 0.06 ± 0.98 
Duration of breastfeeding (months up to 12) 1,212 6.3 ± 4.8 6.2 ± 4.7 6.0 ± 4.9 
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Early childhood blood lead (µg/dL) 1,212 2.3 ± 2.2 2.2 ± 1.9 2.5 ± 2.0 
 
    
Maternal characteristics     
Age at enrollment (years) 1,212 32.2 ± 5.2 32.6 ± 4.6 31.3 ± 6.3 
IQ (KBIT-2 composite) 1,212 106.6 ± 15.7 108.5 ± 14.5 102.6 ± 16.3 
Parity  1,212    
   Nulliparous (%) 584 48 46 45 
   1 (%) 434 36 39 35 
   ≥2 (%) 194 16 15 20 
Education  1,212    
   College degree or beyond (%) 836 69 75 55 
   Less than college degree (%) 376 31 25 45 
Race/ethnicity 1,212    
   White (%) 834 69 81 50 
   Black (%) 182 15 8 28 
   Asian (%) 66 5 6 4 
   Hispanic (%) 76 6 4 11 
   Other (%) 53 4 2 7 
Alcohol consumption during pregnancy (g/day) 1,212 0.18 ± 0.26 0.19 ± 0.25 0.16 ± 0.26 
Smoking status 1,212    
   Smoked during pregnancy (%) 117 10 10 11 
   Former smoker (%) 232 19 19 17 
   Never smoker (%) 863 71 71 72 
Exposure to secondhand smoke during 
pregnancy 1,212    
  ≥1 hour per week (%) 207 17 15 22 
  <1 hour per week (%) 1,005 83 85 78 
Marital/cohabitation status 1,212    
   Married or cohabitating (%) 1,113 92 96 84 
   Not married or cohabitating (%) 99 8 4 16 
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Blood lead in pregnancy (µg/dL) 1,212 1.3 ± 0.8 1.2 ± 0.7 1.3 ± 0.9 
     
Paternal characteristics     
Education 1,212    
   College degree or beyond (%) 780 64 70 48 
   Less than college degree (%) 431 36 30 52 
 
    
Household/neighborhood characteristics     
Household income at mid-childhood 1,212    
   <$40K (%) 145 12 7 21 
   $40-70K (%) 172 14 10 19 
   $70-150K (%) 552 46 49 39 
   >$150 K (%) 343 28 34 20 
HOME-SF scored 1,212 18.3 ± 2.2 18.6 ± 2.1 17.9 ± 2.4 
Gas stove in home at age 1 1,212    
Yes (%) 703 58 50 72 
No (%) 509 42 50 28 
Census tract median annual household income, 
address at behavioral assessment ($) 1,212 65,311 ± 25,205 73,580 ± 22,817 51,664 ± 19,978 
a
 Includes participants with multiply imputed covariates. 
b
 Behavior Rating Inventory of Executive Function (BRIEF) Index and Composite scores standardized to mean=50, standard deviation=10 
with higher scores representing greater executive function problems. BRIEF Global Executive Composite score combines Metacognition 
Index and Behavior Regulation Index scores. 
c
 Strengths and Difficulties Questionnaire (SDQ) Total Difficulties scores have possible values of 0-40 with higher scores representing 
greater behavioral problems.  
d
 Home Observation for Measurement of the Environment (Short Form); scale: 0-22, with higher scores representing better support for 
cognitive development in home. 
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Table 3.2 Traffic-related pollution exposures and relation to BC exposure in year prior to behavioral assessment 
 N Mean ± SD 
Correlation with mean BC exposure in 
year prior to behavioral assessment 
exposure by category (Spearman r)a 
Black carbon (BC) exposure     
Third trimester (µg/m3) 1097 0.69 ± 0.23 0.58 
Birth‒age 6 (µg/m3) 992 0.56 ± 0.16 0.88 
Year prior to behavioral assessment (µg/m3) 1009 0.47 ± 0.14 - 
Fine particulate (PM2.5) exposure     
Third trimester (µg/m3) 1046 12.3 ± 2.5 0.32 
Birth‒age 6 (µg/m3) 1023 11.3 ± 1.7 0.54 
Year prior to behavioral assessment (µg/m3) 1084 9.4 ± 1.9 0.44 
Near-residence traffic density    
Birth address (km*vehicles/day) 1203 1,425 ± 1,813 0.40 
Mid-childhood address (km*vehicles/day) 1035 1,130 ± 1,598 0.65 
  
N N (%) 
BC exposure in year prior to behavioral 
assessment exposure by category 
(µg/m3) (Mean ± SD ) 
Proximity to major roadway, birth address 1207   
 <50 m   34 (3%) 0.53 ± 0.18 
50‒<200 m   108 (9%) 0.52 ± 0.16 
≥200 m  1065 (88%) 0.46 ± 0.14 
Proximity to major roadway, mid-childhood address 1198   
<50 m   27 (2%) 0.56 ± 0.15 
50‒<200 m   93 (8%) 0.56 ± 0.16 
≥200 m   1078 (90%) 0.46 ± 0.14 
SD, standard deviation.  
a All Spearman correlation coefficient p-values <.0001  
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Table 3.3  Mean difference in teacher-rated executive function and behavior problems associated with residential major roadway 
proximity and interquartile range increases in exposure to traffic density, black carbon, and fine particulate matter (+ 95% confidence 
intervals) among 1,212 Project Viva children 
 
Model 0 (adjusted for child age and sex)a Model 1 (covariate-adjusted)b 
 
BRIEF 
Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
BRIEF 
Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
Black carbon 
(BC) 
exposure 
        
Third 
trimester 0.6 (-0.4, 1.5) 1.2 (0.3, 2.2) 0.2 (-0.8, 1.1) -0.1 (-0.6, 0.4) -1.0 (-1.9, 0.0) -0.2 (-1.1, 0.8) -1.2 (-2.2, -0.2) -0.9 (-1.4, -0.4) 
Birth‒age 6 2.3 (1.3, 3.2) 2.7 (1.8, 3.7) 1.8 (0.8, 2.8) 0.9 (0.3, 1.4) 0.4 (-0.7, 1.5) 1.0 (0.0, 2.1) 0.0 (-1.1, 1.2) -0.1 (-0.7, 0.5) 
Year before 
behavioral 
assessment 
2.7 (1.8, 3.7) 3.2 (2.3, 4.1) 2.1 (1.2, 3.1) 1.1 (0.6, 1.7) 1.0 (-0.1, 2.1) 1.7 (0.6, 2.8) 0.5 (-0.6, 1.6) 0.1 (-0.5, 0.8) 
Fine 
particulate 
(PM2.5) 
exposure  
        
Third 
trimester  0.9 (-0.1, 2.0) 1.3 (0.3, 2.4) 0.7 (-0.4, 1.8) 0.3 (-0.3, 0.9) -0.1 (-1.2, 0.9) 0.2 (-0.8, 1.3) -0.3 (-1.4, 0.8) -0.3 (-0.9, 0.3) 
Birth‒age 6 1.9 (1.1, 2.8) 2.1 (1.2, 2.9) 1.6 (0.7, 2.5) 0.9 (0.4, 1.4) 0.5 (-0.5, 1.4) 0.7 (-0.2, 1.6) 0.3 (-0.7, 1.3) 0.1 (-0.4, 0.6) 
Year before 
behavioral 
assessment 
1.3 (0.3, 2.2) 1.3 (0.3, 2.2) 1.1 (0.1, 2.1) 0.6 (0.1, 1.2) 0.2 (-0.8, 1.1) 0.1 (-0.8, 1.1) 0.1 (-0.9, 1.1) 0.1 (-0.5, 0.6) 
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Near-
residence 
traffic 
density 
        
Birth address  0.1 (-0.4, 0.6) 0.4 (-0.1, 0.9) 0.0 (-0.5, 0.5) 0.1 (-0.2, 0.4) -0.1 (-0.6, 0.4) 0.1 (-0.4, 0.6) -0.2 (-0.7, 0.3) 0.0 (-0.3, 0.3) 
Mid-
childhood 
address  
0.8 (0.3, 1.4) 1.2 (0.7, 1.7) 0.5 (0.0, 1.1) 0.3 (0.0, 0.6) 0.2 (-0.3, 0.8) 0.6 (0.1, 1.1) 0.0 (-0.5, 0.5) 0.1 (-0.2, 0.3) 
Proximity to 
major 
roadway, 
birth address 
        
 <50 m  2.9 (-1.5, 7.4) 3.8 (-0.7, 8.2) 2.0 (-2.5, 6.6) 1.1 (-1.4, 3.7) 2.7 (-1.6, 7.1) 3.5 (-0.7, 7.8) 1.8 (-2.6, 6.3) 1.5 (-1.0, 3.9) 
50‒<200 m  -1.0 (-3.4, 1.4) -0.1 (-2.5, 2.3) -1.5 (-3.9, 1.0) 0.2 (-1.2, 1.5) -1.3 (-3.6, 0.9) -0.6 (-2.8, 1.7) -1.7 (-4.0, 0.7) 0.0 (-1.3, 1.3) 
≥200 m Ref Ref Ref Ref Ref Ref Ref Ref 
Proximity to 
major 
roadway, 
mid-
childhood 
address 
        
<50 m  3.5 (-1.0, 8.0) 4.6 (0.1, 9.0) 2.5 (-2.1, 7.1) 1.3 (-1.2, 3.8) 1.2 (-3.1, 5.5) 2.0 (-2.2, 6.3) 0.5 (-3.9, 5.0) 0.1 (-2.4, 2.5) 
50‒<200 m  1.6 (-0.9, 4.0) 2.0 (-0.4, 4.5) 1.1 (-1.4, 3.6) 0.9 (-0.5, 2.3) 0.3 (-2.1, 2.6) 0.5 (-1.8, 2.9) 0.0 (-2.4, 2.5) 0.1 (-1.3, 1.4) 
≥200 m  Ref Ref Ref Ref Ref Ref Ref Ref 
BRIEF is Behavioral Rating Inventory of Executive Function; BRIEF scores standardized to mean=50, standard deviation=10 with higher 
scores representing greater executive function problems. SDQ is Strengths and Difficulties Questionnaire; SDQ total difficulties scores 
have possible values of 0-40 with higher scores representing greater behavioral problems. Interquartile range= 1,425 km*vehicles/day for 
traffic density at birth, 1,241 km*vehicles/day for mid-childhood traffic density, 0.33 µg/m3 for third trimester BC, 0.22 µg/m3 for birth-
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age 6 BC, 0.20 µg/m3 for year before behavioral assessment BC, 3.8 µg/m3 for third trimester PM2.5, 2.1 µg/m3 for birth-age 6 PM2.5, 2.5 
µg/m3 for year before behavioral assessment PM2.5.  
a Model 0 adjusted for of child age at behavioral assessment and sex. Third trimester BC and PM2.5 models also adjusted for seasonal 
trends. 
b Model 1 adjusted for characteristics of child (age, sex, breastfeeding duration, early childhood blood lead), mother (age, parity, 
race/ethnicity, education, IQ, marital/cohabitation status, and blood lead, smoking, secondhand smoke exposure, and alcohol in 
pregnancy), father (education), household (income, home caretaking environment, gas stove) and neighborhood (census tract median 
income). Third trimester BC and PM2.5 models also adjusted for seasonal trends. 
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Table 3.4 Piece-wise linear model results for mean difference in teacher-rated Behavior Rating Inventory of Executive Function (BRIEF) 
scores associated with 0.2 µg/m3 increase in exposure to black carbon (+ 95% confidence intervals) above and below mean exposure of 
0.5 µg/m3 black carbon (BC)a 
 ≤ 0.5 µg/m3 BC > 0.5 µg/m3 BC 
 
BRIEF 
Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
BRIEF 
Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
Third trimester 
BC 
-2.3 (-4.6, 0.1) -1.5 (-3.8, 0.8) -2.3 (-4.7, 0.2) -1.1 (-2.4, 0.3) 2.0 (-0.7, 4.7) 1.7 (-1.0, 4.3) 1.8 (-1.0, 4.6) 0.6 (-0.9, 2.2) 
Birth‒age 6 
BC 
-1.8 (-4.1, 0.5) -1.7 (-4.0, 0.5) -1.4 (-3.8, 0.9) -0.9 (-2.2, 0.4) 3.3 (0.2, 6.4) 4.1 (1.1, 7.1) 2.3 (-1.0, 5.5) 1.2 (-0.6, 3.0) 
Year before 
behavioral 
assessment BC 
-0.9 (-2.8, 1.0) -0.6 (-2.5, 1.2) -0.9 (-2.9, 1.0) -0.8 (-1.9, 0.3) 3.9 (0.8, 7.1) 4.8 (1.7, 7.8) 2.9 (-0.3, 6.2) 2.0 (0.2, 3.7) 
a All models adjusted for characteristics of child (age, sex, breastfeeding duration, early childhood blood lead), mother (age, parity, 
race/ethnicity, education, IQ, marital/cohabitation status, and blood lead, smoking, secondhand smoke exposure, and alcohol in 
pregnancy), father (education), household (income, home caretaking environment, gas stove) and neighborhood (census tract median 
income). Third trimester BC and PM2.5 models also adjusted for seasonal trends. 
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Table 3.5 Mean difference in parent-rated executive function and behavior problems associated with residential major roadway proximity 
and interquartile range increases in exposure to traffic density, black carbon, and fine particulate matter (+ 95% confidence intervals) 
 Model 0 (adjusted for child age and sex)a Model 1 (covariate-adjusted)b 
 
BRIEF 
Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
BRIEF Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
Black carbon 
(BC) exposure         
Third trimester -0.1 (-0.8, 0.7) 0.2 (-0.5, 0.9) -0.1 (-0.8, 0.7) 0.4 (0.0, 0.7) -0.9 (-1.6, -0.1) -0.6 (-1.4, 0.1) -0.8 (-1.5, 0.0) -0.2 (-0.6, 0.2) 
Birth‒age 6 0.6 (-0.1, 1.4) 0.7 (-0.1, 1.4) 0.6 (-0.2, 1.3) 0.7 (0.3, 1.1) -0.3 (-1.2, 0.6) -0.3 (-1.2, 0.6) -0.1 (-1.0, 0.7) 0.0 (-0.5, 0.4) 
Year before 
behavioral 
assessment 
0.7 (-0.1, 1.4) 0.7 (-0.1, 1.4) 0.6 (-0.2, 1.3) 0.7 (0.3, 1.1) -0.1 (-1.0, 0.8) -0.2 (-1.1, 0.7) 0.1 (-0.8, 0.9) 0.1 (-0.4, 0.5) 
Fine 
particulate 
(PM2.5) 
exposure  
        
Third trimester  0.0 (-0.8, 0.9) 0.6 (-0.2, 1.4) -0.2 (-1.0, 0.6) 0.1 (-0.4, 0.5) -0.5 (-1.3, 0.4) 0.1 (-0.7, 1.0) -0.7 (-1.5, 0.2) -0.3 (-0.7, 0.1) 
Birth‒age 6 0.5 (-0.1, 1.2) 0.7 (0.1, 1.4) 0.4 (-0.3, 1.0) 0.5 (0.1, 0.8) -0.2 (-0.9, 0.5) 0.0 (-0.7, 0.7) -0.3 (-1.0, 0.5) -0.1 (-0.5, 0.3) 
Year before 
behavioral 
assessment 
0.2 (-0.5, 1.0) 0.4 (-0.3, 1.1) 0.1 (-0.6, 0.8) 0.3 (-0.1, 0.7) -0.2 (-0.9, 0.6) 0.0 (-0.8, 0.7) -0.2 (-1.0, 0.5) -0.1 (-0.5, 0.3) 
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Near-
residence 
traffic density 
        
Birth address  0.1 (-0.4, 0.6) 0.0 (-0.4, 0.4) 0.1 (-0.2, 0.5) 0.1 (-0.1, 0.4) -0.1 (-0.5, 0.3) -0.1 (-0.5, 0.3) 0.0 (-0.4, 0.4) 0.1 (-0.1, 0.3) 
Mid-childhood 
address  0.2 (-0.2, 0.7) 0.4 (0.0, 0.9) 0.1 (-0.4, 0.5) 0.3 (0.1, 0.6) 0.0 (-0.5, 0.4) 0.2 (-0.2, 0.6) -0.2 (-0.6, 0.3) 0.1 (-0.1, 0.3) 
Proximity to 
major 
roadway, 
birth address 
        
 <50 m  -0.2 (-3.4, 3.0) 0.3 (-2.8, 3.3) 0.0 (-3.1, 3.0) 0.9 (-0.7, 2.6) 0.2 (-2.9, 3.4) 0.4 (-2.6, 3.5) 0.5 (-2.5, 3.5) 0.9 (-0.6, 2.5) 
50‒<200 m  0.1 (-1.7, 1.9) 1.2 (-0.5, 3.0) -0.4 (-2.1, 1.3) -0.1 (-1.1, 0.8) 0.0 (-1.8, 1.8) 1.1 (-0.7, 2.8) -0.5 (-2.2, 1.2) -0.3 (-1.2, 0.6) 
≥200 m Ref Ref Ref Ref Ref Ref Ref Ref 
Proximity to 
major 
roadway, mid-
childhood 
address 
        
<50 m  -2.5 (-6.1, 1.1) -1.9 (-5.4, 1.6) -2.4 (-5.9, 1.1) 0.7 (-1.2, 2.6) -3.6 (-7.1, -0.1) -3.2 (-6.7, 0.2) -3.1 (-6.5, 0.3) -0.3 (-2.1, 1.5) 
50‒<200 m  0.6 (-1.4, 2.5) 1.3 (-0.5, 3.2) -0.2 (-2.0, 1.6) 0.0 (-1.0, 1.0) 0.2 (-1.7, 2.1) 0.9 (-0.9, 2.8) -0.5 (-2.3, 1.3) -0.4 (-1.3, 0.6) 
≥200 m  Ref Ref Ref Ref Ref Ref Ref Ref 
BRIEF is Behavioral Rating Inventory of Executive Function; BRIEF scores standardized to mean=50, standard deviation=10 with higher 
scores representing greater executive function problems. SDQ is Strengths and Difficulties Questionnaire; SDQ total difficulties scores 
have possible values of 0-40 with higher scores representing greater behavioral problems. Interquartile range= 1,425 km*vehicles/day for 
traffic density at birth, 1,241 km*vehicles/day for mid-childhood traffic density, 0.33 µg/m3 for third trimester BC, 0.22 µg/m3 for birth-
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age 6 BC, 0.20 µg/m3 for year before behavioral assessment BC, 3.8 µg/m3 for third trimester PM2.5, 2.1 µg/m3 for birth-age 6 PM2.5, 2.5 
µg/m3 for year before behavioral assessment PM2.5.  
a Model 0 adjusted for of child age at behavioral assessment and sex. Third trimester BC and PM2.5 models also adjusted for seasonal 
trends. 
b Model 1 adjusted for characteristics of child (age, sex, breastfeeding duration, early childhood blood lead), mother (age, parity, 
race/ethnicity, education, IQ, marital/cohabitation status, and blood lead, smoking, secondhand smoke exposure, and alcohol in 
pregnancy), father (education), household (income, home caretaking environment, gas stove) and neighborhood (census tract median 
income). Third trimester BC and PM2.5 models also adjusted for seasonal trends. 
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Table 3.6 Piece-wise linear model results for mean difference in parent-rated Behavior Rating Inventory of Executive Function (BRIEF) 
scores associated with 0.2 µg/m3 increase in exposure to black carbon (+ 95% confidence intervals) above and below mean exposure of 
0.5 µg/m3 black carbon (BC)a 
 ≤ 0.5 µg/m3 BC > 0.5 µg/m3 BC 
 
BRIEF Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
BRIEF 
Global 
Executive 
Composite 
(GEC) 
BRIEF 
Behavioral 
Regulation 
Index (BRI) 
BRIEF 
Metacognition 
Index (MI) 
SDQ Total 
Difficulties 
Third 
trimester BC 
-0.9 (-2.8, 1.0) -0.5 (-2.4, 1.4) -0.7 (-2.6, 1.1) 0.4 (-0.6, 1.3) 0.4 (-1.8, 2.7) 0.1 (-2.0, 2.3) 0.3 (-1.8, 2.4) -0.6 (-1.7, 0.5) 
Birth‒age 6 
BC 
-0.5 (-2.4, 1.4) -0.5 (-2.4, 1.3) -0.2 (-2.0, 1.7) 0.5 (-0.4, 1.5) 0.3 (-2.3, 2.9) 0.4 (-2.2, 2.9) 0.1 (-2.4, 2.6) -0.8 (-2.1, 0.5) 
Year before 
behavioral 
assessment 
BC 
-1.4 (-2.9, 0.2) -1.4 (-2.9, 0.1) -1.0 (-2.5, 0.5) -0.3 (-1.1,0.5) 2.7 (0.1, 5.3) 2.5 (0.0, 5.1) 2.2 (-0.3, 4.6) 0.7 (-0.6, 2.0) 
a All models adjusted for characteristics of child (age, sex, breastfeeding duration, early childhood blood lead), mother (age, parity, 
race/ethnicity, education, IQ, marital/cohabitation status, and blood lead, smoking, secondhand smoke exposure, and alcohol in 
pregnancy), father (education), household (income, home caretaking environment, gas stove) and neighborhood (census tract median 
income). Third trimester BC and PM2.5 models also adjusted for seasonal trends. 
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Table 3.7 Characteristics of study subjects with and without imputation of covariates, and enrolled subjects excluded from the present 
study due to missing exposure or outcome data 
 
Study participants, with 
imputed covariates 
(n=1,212) 
Study participants,  
without imputation 
(n=1,212) 
Excluded Project 
Viva participants 
(n=916) 
 N Mean ± SD or % N 
Mean ± SD or 
% N 
Mean ± 
SD or % 
Black carbon (BC) exposure        
Third trimester (µg/m3) 1097 0.69 ± 0.23 1097 0.69 ± 0.23 887 0.70 ± 0.25 
Fine particulate (PM2.5) exposure        
Third trimester (µg/m3) 1046 12.3 ± 2.5 1046 12.3 ± 2.5 767 12.2 ± 2.4 
Near-residence traffic density       
Birth address (km*vehicles/day) 1203 1,425 ± 1,813 1203 1,425 ± 1,813 896 
1,583 ± 
2,415 
Proximity to major roadway, birth address 1207  1207  905  
 <50 m  34 3 34 3 39 4 
50‒<200 m  108 9 108 9 78 9 
≥200 m 1065 88 1065 88 788 87 
 
      
Behavioral Assessments       
Teacher-rated BRIEF Global Executive Composite 
(GEC) scorea 878 51.0 ± 10.5 878 51.0 ± 10.5 - - 
Teacher-rated BRIEF Behavior Regulation Index 
(BRI) scorea 878 50.8 ± 10.1 878 50.8 ± 10.1 - - 
Teacher-rated BRIEF Metacognition Index (MI) 
scorea 
878 51.1 ± 10.7 878 51.1 ± 10.7 - - 
Teacher-rated SDQ Total Difficulties scoreb 901 6.4 ± 5.9 901 6.4 ± 5.9 - - 
Parent-rated BRIEF GEC scorea 1,172 48.7 ± 9.2 1,172 48.7 ± 9.2 - - 
Parent-rated BRIEF BRI scorea 1,172 48.2 ± 8.8 1,172 48.2 ± 8.8 - - 
Parent-rated BRIEF MI scorea 1,172 48.4 ± 8.7 1,172 48.4 ± 8.7 - - 
Parent-rated SDQ Total Difficulties scoreb 1,189 6.6 ± 4.8 1,189 6.6 ± 4.8 - - 
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Child characteristics       
Age at teacher-rated behavioral assessments (years) 903 8.1 ± 0.8 903 8.1 ± 0.8 - - 
Age at parent-rated behavioral assessments (years) 1,195 7.9 ± 0.8 1,195 7.9 ± 0.8 - - 
Sex 1,212  1,212  916  
   Female (%) 608 50 608 50 428 47 
   Male (%) 604 50 604 50 488 53 
Gestational age (weeks) 1,212 39.5 ± 1.8 1,212 39.5 ± 1.8 916 39.3 ± 2.2 
Birth weight (grams) 1,212 3,485 ± 555 1,211 3,484 ± 555 916 
3,429 ± 
638 
Birth weight/gestational age z-score 1,212 0.19 ± 0.96 1,211 0.19 ± 0.96 916 0.15 ± 0.98 
Duration of breastfeeding (months up to 12) 1,212 6.3 ± 4.8 1,131 6.5 ± 4.6 514 4.2 ± 4.1 
Early childhood blood lead (µg/dL) 1,212 2.3 ± 2.2 434 2.2 ± 1.4 68 2.3 ± 1.5 
 
      
Maternal characteristics       
Age at enrollment (years) 1,212 32.2 ± 5.2 1,212 32.2 ± 5.2 916 31.3 ± 5.2 
IQ (KBIT-2 composite) 1,212 106.6 ± 15.7 1,082 106.4 ± 15.4 - - 
Parity  1,212  1,212  916  
   Nulliparous (%) 584 48 584 48 433 47 
   1 (%) 434 36 434 36 327 36 
   ≥2 (%) 194 16 194 16 156 17 
Education  1,212  1,206  898  
   College degree or beyond (%) 836 69 834 69 526 59 
   Less than college degree (%) 376 31 372 31 372 41 
Race/ethnicity 1,212  1,206  898  
   White (%) 834 69 832 69 567 63 
   Black (%) 182 15 179 15 169 19 
   Asian (%) 66 5 66 5 54 6 
   Hispanic (%) 76 6 76 6 78 9 
   Other (%) 53 4 53 4 30 3 
Alcohol consumption during pregnancy (g/day) 1,212 0.18 ± 0.26 1,085 0.18 ± 0.25 692 0.18 ± 0.26 
Smoking status 1,212  1,207  900  
   Smoked during pregnancy (%) 117 10 117 10 149 17 
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   Former smoker (%) 232 19 231 19 167 19 
   Never smoker (%) 863 71 859 71 584 65 
Exposure to secondhand smoke during pregnancy 1,212  1,093  691  
  ≥1 hour per week (%) 207 17 172 16 112 16 
  <1 hour per week (%) 1,005 83 921 84 579 84 
Marital/cohabitation status 1,212  1,205  898  
   Married or cohabitating (%) 1,113 92 1,107 92 816 91 
   Not married or cohabitating (%) 99 8 98 8 82 9 
Blood lead in pregnancy (µg/dL) 1,212 1.3 ± 0.8 630 1.2 ± 0.6 200 1.2 ± 0.8 
 
      
Paternal characteristics       
Education 1,212  1,099  805  
   College degree or beyond (%) 780 64 753 69 476 59 
   Less than college degree (%) 431 36 346 31 329 41 
       
Household/neighborhood characteristics       
Household income at mid-childhood 1,212  1,145  - - 
   <$40K (%) 145 12 133 12 - - 
   $40-70K (%) 172 14 161 14 - - 
   $70-150K (%) 552 46 524 46 - - 
   >$150 K (%) 343 28 327 29 - - 
Household income at birth -  1,105  769  
   <$40 K (%) - - 155 14 138 18 
   $40-70 K (%) - - 249 23 186 24 
   >$70 K (%) - - 701 63 445 58 
HOME-SF scorec 1,212 18.3 ± 2.2 1,184 18.3 ± 2.2 - - 
Gas stove in home at age 1 1,212  975  253  
Yes (%) 703 58 560 57 141 56 
No (%) 509 42 415 43 112 44 
Census tract median annual household income, 
address at behavioral assessment ($) 1,212 
65,311 ± 
25,205 1,098 64,996 ± 24,802 - - 
Census tract median annual household income, - - 1,207 57,433 ± 21,535 905 56,445 ± 
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a
 Behavior Rating Inventory of Executive Function (BRIEF) Index and Composite scores standardized to mean=50, standard deviation=10 
with higher scores representing greater executive function problems. BRIEF Global Executive Composite score combines Metacognition 
Index and Behavior Regulation Index scores. 
b
 Strengths and Difficulties Questionnaire (SDQ) Total Difficulties scores have possible values of 0-40 with higher scores representing 
greater behavioral problems.  
c
 Home Observation for Measurement of the Environment (Short Form); scale: 0-22, with higher scores representing better support for 
cognitive development in home. 
address at birth ($) 21,141 
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 Figure 3.1 Cubic regression splines illustrating relationships of mean BC exposure in year prior to behavioral assessment with correlation 
coefficients (β) for teacher-rated and parent-rated Behavior Rating Inventory of Executive Function Global Executive Composite (BRIEF 
GEC) and Strengths and Difficulties Questionnaire total difficulties (SDQ) scores  (+ 95% confidence intervals)a 
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a Cubic regression splines (with 3 degrees of freedom) generated from generalized additive models adjusted for characteristics of child 
(age, sex, breastfeeding duration, early childhood blood lead), mother (age, parity, race/ethnicity, education, IQ, marital/cohabitation 
status, and blood lead, smoking, secondhand smoke exposure, and alcohol in pregnancy), father (education), household (income, home 
caretaking environment, gas stove) and neighborhood (census tract median income).  
 
   
 
97 
CHAPTER 4: PRENATAL EXPOSURE TO PER- AND POLYFLUOROALKYL 
SUBSTANCES AND CHILDHOOD COGNITION 
 
Maria H. Harris1, Emily Oken2, Sheryl L. Rifas-Shiman2, Antonia M. Calafat3, Xiaoyun 
Ye3, David C. Bellinger4, Thomas F. Webster1, Roberta F. White1, and Sharon K. Sagiv1,5 
 
1Department of Environmental Health, Boston University School of Public Health, 
Boston, Massachusetts, USA 
2Department of Population Medicine, Harvard Medical School and Harvard Pilgrim 
Health Care Institute, Boston, Massachusetts, USA 
3Division of Laboratory Sciences, National Center for Environmental Health, Centers for 
Disease Control and Prevention, Atlanta, Georgia, USA 
4Department of Neurology, Boston Children's Hospital, Harvard Medical School, Boston, 
Massachusetts, USA 
5Division of Epidemiology, University of California, Berkeley School of Public Health, 
Berkeley, California, USA 
 
 
Acknowledgments 
 
We thank the participants and staff of Project Viva. This work was supported by grant 
funding from the National Institutes of Health: R01ES021447, R01HD034568, 
R37HD034568, K24HD069408, and T32ES014562. 
  
   
 
98 
ABSTRACT 
Background: Pregnant women are exposed to per- and polyfluoroalkyl substances 
(PFASs), synthetic compounds used in non-stick cookware, food packaging, and other 
industrial and consumer products. Toxicological evidence suggests that PFASs may act 
as developmental neurotoxicants, but epidemiological findings on neurodevelopmental 
effects of exposure to PFASs are inconsistent.  
Aims: Examine associations of prenatal PFAS exposure with performance on 
assessments of cognition in childhood.  
Methods: The study included 872 mother-child pairs in Project Viva, a longitudinal 
Boston-area birth cohort with first trimester enrollment during 1999-2002. Four PFASs 
were measured in archived plasma collected during pregnancy (median=9.7 weeks 
gestation; range 5.6–20.9): perfluorooctanoate (PFOA), perfluorooctane sulfonate 
(PFOS), perfluorohexane sulfonate (PFHxS), and perfluorononanoate (PFNA). At 
median age 7.7 years, children completed assessments of verbal and non-verbal 
intelligence, visual motor abilities, and visual memory. Using multivariate regression, we 
estimated associations of prenatal PFAS plasma concentrations with children’s cognitive 
assessment scores, adjusted for estimated glomerular filtration rate at time of blood 
collection and other potential confounders. 
Results: Compared with children born to mothers in the first quintile (Q1) of PFOA 
plasma concentrations, those born to mothers in the top four quintiles scored lower on 
assessments of verbal IQ (Q2: -4.0 points, 95% confidence interval (CI): -6.7, -1.3; Q3: -
2.4, 95% CI: -5.3, 0.4; Q4: -3.0, 95% CI: -5.9, -0.1; Q5: -2.2, 95% CI: -5.2, 0.8) and 
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visual motor abilities (Q2: -3.8, 95% CI: -7.4, -0.2; Q3: -4.3, 95% CI: -8.0, -0.5; Q4: -3.6, 
95% CI: -7.5, 0.2; Q5: -4.5, 95% CI: -8.4, -0.5); associations did not suggest linear dose-
response patterns. Higher PFOS concentrations and PFHxS concentrations in the second, 
third, and fourth quintiles compared to the first also appeared associated with lower 
visual motor abilities. Conversely, children born to mothers in the top quintile of PFOS 
concentrations had higher verbal IQ, non-verbal IQ, and design memory scores. Children 
born to mothers with top quintile PFNA concentrations performed better on assessments 
of verbal IQ, design memory, and picture memory. Relationships of other PFASs with 
childhood cognitive outcomes were inconsistent. 
Conclusion: In a cohort with plasma PFAS concentrations similar to those observed in 
participants of the contemporaneous 1999-2000 National Health and Nutrition 
Examination Survey, higher prenatal exposure to PFOA predicted lower verbal IQ and 
visual motor abilities in childhood. Other studied PFASs did not appear to adversely 
influence cognitive development; high PFOS and PFNA exposure predicted improved 
performance in some cognitive domains. 
 
 
BACKGROUND 
Per- and polyfluoroalkyl substances (PFASs) are a class of chemicals used in 
many consumer and industrial products including non-stick cookware, oil-resistant 
coatings for food packaging, and stain-resistant fabric treatments (Lau et al. 2007; 
Mariussen 2012). Several PFASs have been identified as persistent, bioaccumulative 
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environmental toxicants that may have neurotoxic properties (Mariussen 2012). Readily 
absorbed following oral exposure, PFASs concentrate in protein-rich organs, including 
the liver, and bind to albumin in blood (Lau et al. 2007). PFASs have been frequently 
detected in human biosamples, including those of pregnant women (Calafat et al. 2007b; 
Jain 2013; Lau et al. 2007; Mariussen 2012; Woodruff et al. 2011). PFASs are known to 
cross the placental barrier, and prior researchers have demonstrated that concentrations of 
PFASs in pregnant women’s peripheral blood correlate highly with concentrations 
measured in cord blood (Fromme et al. 2010; Kato et al. 2014; S Kim et al. 2011).  
Rodent studies report that prenatal or perinatal exposure to PFASs results in 
changes in adult neurobehavior that are consistent with cognitive dysfunction, including 
reduced habituation to a novel environment (Johansson et al. 2009; Viberg et al. 2013) 
and altered exploratory behaviors (Onishchenko et al. 2011). To date, epidemiological 
evidence regarding the neurodevelopmental effects of PFASs is limited, and findings 
have been inconsistent. Among young adolescents in the 1999-2000 and 2003-2004 
National Health and Nutrition Examination Surveys (NHANES) (n=571), prevalence of 
attention deficit hyperactivity disorder (ADHD) was related to elevated serum 
concentrations of perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS), and 
perfluorohexane sulfonate (PFHxS) (Hoffman et al. 2010). Moreover, a cross-sectional 
study in Oswego County, NY of 9- to11-year-olds (n=83) reported associations of PFASs 
in whole blood (including PFOS, PFNA, and PFHxS) with greater impulsivity measured 
using a computer task designed to quantify impaired response inhibition (Gump et al. 
2011). In a cohort of children in the Mid-Ohio Valley exposed to drinking water 
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contaminated by industrial emissions of PFOA (n=10,546), investigators reported a slight 
association between childhood PFHxS serum concentrations and ADHD diagnosis (Stein 
and Savitz 2011), but found contrasting associations for prenatal and childhood PFOA 
with performance on neuropsychological assessments, including higher full-scale IQ and 
fewer characteristics of attention deficit/hyperactivity disorder (Stein et al. 2013). Higher 
prenatal PFOA serum concentrations also predicted fewer autistic behaviors among 4- 
and 5-year-old Cincinnati, Ohio, children (n=175); associations were null for PFOS, 
PFHxS, or perfluorononanoate (PFNA) concentrations (Braun et al. 2014). In a sub-
cohort of the Danish National Birth Cohort, maternal plasma concentrations of PFOA and 
PFOS from early pregnancy were not associated with parent report of motor and mental 
development at 6-18 months (n=1,400) (Fei et al. 2008) or parent report of motor 
coordination challenges or behavior problems at age 7 years (n=526‒787) (Fei and Olsen 
2011). In a different prospective Danish cohort (n=876), maternal serum concentrations 
of PFOS and PFOA in pregnancy were not associated with children’s diagnoses of 
ADHD or depression or with scores on a standardized scholastic achievement test taken 
in adolescence (Strøm et al. 2014). A Danish case-control study reported no consistent 
associations between PFAS concentrations in maternal pregnancy plasma and diagnosis 
of ADHD or autism in childhood (220 cases for each outcome/550 matched controls) 
(Liew et al. 2015); a case-control study in Sweden also reported no associations between 
PFAS concentrations in cord blood serum and ADHD (206 cases/206 matched controls) 
(Ode et al. 2014).   
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 Few previous studies have investigated associations of PFASs with cognitive 
development, and most prior studies of PFAS exposure and neurodevelopment in 
American children have relied on cross-sectional data and lacked prenatal measures of 
PFAS exposure. In a prospective cohort of US mothers and children, we examined 
associations of PFAS concentrations in maternal plasma from pregnancy with children’s 
performance on cognitive assessments.  
 
METHODS 
Study population 
Participants were drawn from Project Viva, a prospective pre-birth cohort for 
which mothers were enrolled from 1999-2002 at their first prenatal visits (median 9.9 
weeks of gestation) at eight locations of Atrius Harvard Vanguard Medical Associates, a 
multispecialty group practice in urban and suburban Eastern Massachusetts (Oken et al. 
2015). Mothers provided demographic and health-related information through annual 
questionnaires, and children attended periodic in-person visits assessing health and 
development. 1,110 children completed at least one cognitive assessment at a visit in 
mid-childhood (median age 7.7 years). The Human Subjects Committees of participating 
institutions approved all study protocols. All mothers provided written informed consent, 
and children provided verbal assent at the mid-childhood visit. The involvement of the 
Centers for Disease Control and Prevention (CDC) laboratory did not constitute 
engagement in human subjects research. 
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PFAS measurements 
A subset of maternal participants (n=1,668) contributed blood samples at their 
first prenatal study visit (median 9.7 weeks gestation, range 5.6‒20.9). Their plasma 
specimens were stored in cryovial (non-PFAS containing) tubes in liquid nitrogen 
freezers. Samples were subsequently thawed, aliquoted, shipped to the Division of 
Laboratory Sciences at the CDC and analyzed for PFOS, PFOA, PFHxS and PFNA using 
on-line solid-phase extraction coupled with isotope dilution high-performance liquid 
chromatography-tandem mass spectrometry (procedures have been previously published) 
(Kato et al. 2011a). Low-concentration quality control materials (QCs) and high-
concentration QCs, prepared from a calf serum pool, were analyzed with the study 
samples, analytical standards, and with reagent and serum blanks to ensure the accuracy 
and reliability of the data. Twenty-three samples had insufficient volume for PFAS 
measurement; 1,645 samples were measured. For PFOS and PFOA, the reported 
concentrations are from the sum of linear and branched isomers. Limits of detection 
(LOD) were 0.2 ng/mL (PFOS) or 0.1 ng/mL (PFOA, PFHxS, PFNA). We estimated 
values below the LOD as LOD/√2.  
 
Cognitive assessments 
Trained Project Viva staff assessed cognitive development of child participants 
during in-person study visits at median 7.7 age years (range 6.6‒10.9). Staff administered 
assessments of verbal and non-verbal intelligence using the Kaufman Brief Intelligence 
Test (KBIT-2) (Kaufman and Kaufman 2004), visual motor performance using the 
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Visual-Motor subtest of the Wide Range Assessment of Visual Motor Abilities 
(WRAVMA) (Adams and Sheslow 1995), and visual memory (design memory and 
picture memory) using the Visual Memory Index of the Wide Range Assessment of 
Memory and Learning (WRAML2) (Adams and Sheslow 2003). Assessments were 
double-scored using published scoring guidelines and supplementary guidelines 
developed by a pediatric neuropsychologist to ensure consistency among scorers; group 
adjudication was used to resolve scoring discrepancies. Scaled scores were standardized 
to mean=100, standard deviation (SD)=15 for KBIT-2 and WRAVMA, and mean=10, 
SD=3 for WRAML2 design memory and picture memory subscores, using published 
reference data (Adams and Sheslow 1995, 2003; Kaufman and Kaufman 2004). Staff 
administering and scoring assessments had no knowledge of participants’ PFAS exposure 
levels, nor did the participants themselves. 
 
Covariates 
Study staff collected data on participant demographics and health-related 
behaviors via study questionnaires and interviews. At the in-person visit when children’s 
cognitive assessments were conducted, study staff also assessed mothers’ full scale IQ 
using the KBIT-2. Mothers completed the Home Observation for Measurement of the 
Environment - Short Form (HOME-SF), which assesses support for cognitive 
development in the child's home. HOME-SF scores range from 0‒22, with higher scores 
representing better support (Frankenburg and Coons 1986). Plasma creatinine and 
albumin were measured in the same plasma samples analyzed for PFASs. We used 
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plasma creatinine measurements to estimate maternal glomerular filtration rate (GFR) at 
the time of pregnancy blood draw according to the Cockroft-Gault equation (Morken et 
al. 2014).  
 
Statistical analyses 
Correlations among PFASs plasma concentrations, outcomes, and covariates were 
determined using Spearman rank correlation coefficients. Missing covariates were 
imputed using a chained equation multiple imputation model (PROC MI in SAS) with 
inputs including exposure and outcome values, study covariates, and other potential 
predictors. We generated 50 imputed data sets including all Project Viva participants 
(n=2,128) (White et al. 2011) and combined imputed data sets using PROC 
MIANALYZE (Rubin 2004). Final models included participants with imputed covariate 
data, but excluded participants lacking PFAS measures or cognitive outcome scores. 
To assess the shape of exposure-outcome associations, we fit generalized additive 
models with cubic regression splines for continuous exposures (with three degrees of 
freedom). Models were adjusted for child age and sex at cognitive testing, along with 
covariates hypothesized to be potential confounders of the studied associations based on 
prior knowledge. These covariates included maternal IQ, parity (0, 1, ≥2), race/ethnicity 
(Black, White, Hispanic, Asian, Other), age (<25, 25-34, ≥35 years), pre-pregnancy body 
mass index (kg/m2), and weight gain in pregnancy (kg), maternal and paternal education 
(<college/college/graduate degree), annual household income at enrollment (<$40K, $40-
70K, >$70K), and HOME-SF score. Because changes in plasma volume expansion and 
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renal function in pregnancy may affect measured plasma concentrations of PFASs and 
may also relate to pregnancy health (Savitz 2014), we additionally adjusted analyses for 
estimated GFR and the gestational week in which plasma was collected. Finally, because 
breastfeeding was previously seen in this cohort to affect cognitive development (Belfort 
et al. 2013) and prior breastfeeding may be a predictor of plasma concentrations of 
PFASs (Berg et al. 2014; Brantsaeter et al. 2013; Kato et al. 2014), we also adjusted for 
duration of breastfeeding (in weeks) of the participating child (information on 
breastfeeding of prior children was not available). 
Visual inspection of plotted splines suggested that many of the PFAS-cognitive 
outcome associations were not linear; additional analyses treated PFAS plasma 
concentrations as categorical to allow for non-linear dose-response relationships. We ran 
separate multivariate linear regression models assessing the influence of each PFAS (in 
quintiles) on each cognitive outcome, adjusted for the full set of covariates described 
above.  To assess whether sex might be an effect measure modifier, we also re-ran these 
models stratified by child sex. We also re-ran primary models with additional adjustment 
for plasma albumin, as albumin is a primary binding site for PFASs, and plasma albumin 
may also reflect hemodynamic variability in pregnancy. 
We performed analyses in SAS Version 9.3 (SAS Institute Inc, Cary, NC) and R 
Version 3.1.3 (R Foundation for Statistical Computing, Vienna, Austria). 
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RESULTS 
Participant characteristics and PFAS concentrations 
Of the 1,110 children who completed at least one cognitive assessment, 872 had 
PFAS measures. Table 4.1 outlines characteristics of these 872 included study 
participants. Distributions of covariates were similar when imputed covariate data were 
excluded (Table 4.6). Measured concentrations of PFASs are presented in Table 4.2. All 
participants had detectable PFOA and PFOS concentrations; six participants (0.7%) had 
concentrations below the LOD for PFHxS and eight (0.9 %) below the LOD for PFNA 
(these values were replaced with LOD/√2). Correlations among PFAS concentrations 
were moderate to high (Spearman correlation coefficients 0.45‒0.73) (Table 4.2).  
Cohort participants excluded from the study due to missing exposure or outcome 
data (n=1,256) had slightly higher PFAS concentrations, slightly lower verbal IQ, and 
slightly higher WRAML scores than included participants (Table 4.6). Excluded subjects 
also had slightly shorter duration of breastfeeding, younger maternal age, lower maternal 
IQ, lower household income, and were more likely to be Black, Hispanic or Asian (Table 
4.6).  
 
PFAS exposures and cognitive outcomes 
 Covariate-adjusted spline models suggested non-linearity in a number of the 
studied PFAS-cognitive assessment associations, but patterns varied across PFASs and 
outcomes (Figure 4.1). Table 4.3 presents results for covariate-adjusted models using 
categorical exposures. Compared to children born to mothers in the first quintile of PFOA 
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plasma concentrations, those born to mothers in the top four quintiles scored lower on 
assessments of verbal IQ and visual motor abilities, though patterns of association did not 
suggest a linear dose response. Higher PFOS plasma concentrations and PFHxS 
concentrations in the second, third, and fourth quintiles compared to the first also 
appeared associated with lower visual motor abilities. Conversely, children in the top 
quintile of PFOS concentrations had higher verbal IQ, non-verbal IQ, and design memory 
scores. Children with the highest (top quintile) PFNA plasma concentrations appeared to 
have higher verbal IQ, and design and picture memory scores than those in the first 
quintile.   
 
Sensitivity analyses 
 Sex-stratified models yielded generally similar results in females and males for 
associations of higher PFOA plasma concentrations with lower verbal IQ and visual 
motor abilities, although PFOA-verbal IQ associations appeared somewhat stronger in 
males, and PFOA-visual motor associations appeared somewhat stronger in females 
(Tables 4.4 & 4.5). Higher PFOS plasma concentrations appeared associated with lower 
visual motor abilities in males, but not in females. The observed associations of top 
quintile PFOS plasma concentrations with higher non-verbal IQ and design memory 
scores were seen in both females and males; top quintile PFOS was also associated with 
higher verbal IQ and picture memory among females, but not in males. Patterns of 
association between PFHxS plasma concentrations and visual motor scores were similar 
in females and males. Among females, top quintile PFNA appeared associated with 
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higher scores on all five assessments, but there was a suggestion of negative rather than 
positive associations for verbal IQ, non-verbal IQ and visual motor scores among males.  
 Results of models adjusted for plasma albumin (Table 4.7) were similar to those 
of models adjusted for GFR. 
 
DISCUSSION 
 In a prospective pre-birth cohort of Boston-area mothers and children, we 
observed associations of higher in utero exposure to PFOA with lower verbal IQ and 
visual motor abilities in childhood. Relationships of other PFASs with childhood 
cognitive outcomes were less consistent. Results suggested that children with the highest 
prenatal exposure to PFOS and PFNA performed better on selected assessments of 
cognitive development (verbal IQ, non-verbal IQ and design memory for PFOS and 
verbal IQ, design memory and picture memory for PFNA). Associations of PFOA with 
verbal IQ and visual motor abilities were seen in both female and male children, but we 
observed evidence that associations of PFOS and PFNA exposure with cognitive 
development differed by sex, although trends were not consistent across outcomes.  
Results of spline models suggested that dose-response relationships for PFAS exposure 
and cognitive outcomes were mostly non-linear and in some cases non-monotonic, 
although patterns varied across PFASs and outcomes. 
 PFAS plasma concentrations in the pregnant women in the study cohort (enrolled 
1999-2002) were similar to concentrations observed among US women in the 1999-2000 
NHANES; geometric means for Project Viva and NHANES women were 5.4 and 4.8 
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ng/mL (PFOA), 24.4 and 28.0 ng/mL (PFOS), 2.4 and 1.8 ng/mL (PFHxS), and 0.6 and 
0.5 ng/mL (PFNA), respectively (Calafat et al. 2007a). Measured serum concentrations of 
PFOS in NHANES have followed a downward trend from 1999 to 2012, likely as a result 
of the 2002 phase-out of PFOS by its major US manufacturer (Kato et al. 2011b; CDC 
2015). Following the PFOS phase-out, the US Environmental Protection Agency 
negotiated agreements with major US manufacturers to reduce and eventually eliminate 
PFOA and other related compounds by 2015 (Rosen et al. 2009). PFOA and PFHxS 
concentrations have decreased in NHANES over the 1999-2012 period; PFNA 
concentrations increased from 1999 to 2010, but appeared to decrease in the 2011-2012 
NHANES cycle (CDC 2015). 
There are multiple potential mechanisms through which PFAS exposure may 
affect neurodevelopment. In vitro models suggest that PFASs directly influence neuronal 
differentiation (Slotkin et al. 2008). Neonatal exposure to PFOA, PFOS, or PFHxS in 
mice were associated with alterations in levels of proteins related to synaptogenesis in the 
hippocampus and cerebral cortex in adulthood (Johansson et al. 2009; Lee and Viberg 
2013); exposed mice were also observed to have irregular nicotinic responses, suggesting 
alterations to the cholinergic system, and to exhibit changes in adult behaviors potentially 
related to cognitive function (Johansson et al. 2008; Viberg et al. 2013). PFASs are 
known to activate the peroxisome proliferator-activated receptor alpha (PPAR-α), a 
nuclear receptor involved in regulation of metabolism and cell growth (Lau et al. 2007; 
Mariussen 2012; Rosen et al. 2009) that may also play a role in regulating the cholinergic 
activation of dopaminergic neurons (Melis et al. 2013). Epidemiologic evidence also 
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suggests that PFASs may affect thyroid hormone levels in pregnant women, which could 
disrupt fetal brain development (Wang et al. 2014; Webster et al. 2014). Prior 
investigators have suggested that PFAS exposure may also have the potential to 
positively affect neurodevelopment or prevent neurodegeneration (Power et al. 2013; 
Stein et al. 2013). PFASs appear to be partial agonists of proliferator–activated receptor 
gamma (PPAR-γ) (Vanden Heuvel et al. 2006), and PPAR-γ-agonists have been observed 
to induce anti-inflammatory effects in the central nervous system that may be 
neuroprotective (Kapadia et al. 2008).  
Our findings suggest that prenatal PFAS exposure may induce both neurotoxic 
and neuroprotective effects, potentially depending on PFAS, cognitive endpoint, dose, 
and child sex. The lack of consistency across the studied compounds and outcomes may 
indicate that biological mechanisms of action may vary across PFASs, and the observed 
non-linearity in dose-response curves suggests that mechanisms may also differ 
depending on plasma PFAS concentration. It is also possible, however, that these 
observed inconsistencies stem primarily from chance variation in the data across many 
studied exposures and outcomes. Our results should therefore be considered preliminary, 
but highlight the need for additional research into the potentially complex mechanisms 
through which PFAS exposure may alter the brain.  
The existing toxicological and epidemiological literature on neurodevelopmental 
effects of prenatal exposure to PFASs is limited, and prior studies have suggested the 
possibility of negative, positive, or null associations. A number of earlier studies have 
described no evidence of association between in utero PFAS exposure and childhood 
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neurodevelopment (Fei and Olsen 2011; Liew et al. 2015; Ode et al. 2014; Strøm et al. 
2014), but these studies primarily investigated behavioral outcomes and diagnoses of 
neurobehavioral disorders, so results are not directly comparable to those of our study. 
The most in-depth prior study of prenatal PFAS exposure and cognitive outcomes in 
children was performed in the C8 Health Project cohort, drawn from a community in the 
Mid-Ohio Valley highly exposed to PFOA through drinking water contamination from a 
nearby PFOA production facility. In this population, investigators saw no association 
between estimated in utero exposure to PFOA and reading or math skills, language, 
memory and learning, or visual-spatial processing in school age children, but higher 
PFOA concentration was associated with higher full-scale IQ and better attention. 
Authors hypothesized that the observed positive associations might be attributable to 
PPAR-γ-mediated anti-inflammatory and neuroprotective effects (Stein et al. 2013). 
While our findings differed from those of the C8 study, differences in PFOA serum 
concentrations between the cohorts greatly limit the comparability of results. PFOA 
exposure in the C8 cohort was much higher than those in Project Viva; the median in 
utero PFOA serum concentration in the C8 cohort was 43.7 ng/mL (versus 5.6 ng/mL in 
Project Viva), and observed associations between PFOA and full-scale IQ and attention 
were strongest in the upper concentration quartile (110.8 – 649.2 ng/mL) (Stein et al. 
2013), with PFOA concentrations far above those observed in our study population 
(where the maximum PFOA concentration was 49.3 ng/mL). When investigators 
restricted analyses in the C8 cohort to participants with in utero PFOA concentrations 
below 43.7 ng/mL, positive associations with IQ and attention were attenuated towards 
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the null, and dose-response patterns were inconsistent (Stein et al. 2013). There may be a 
possible parallel between the C8 results and findings in our cohort suggesting better 
performance on selected cognitive assessments among children with the highest prenatal 
exposure to PFOS and PFNA; additional studies in populations with relatively high levels 
of PFAS exposure are needed to further investigate these preliminary findings.   
 Additional limitations of our study should be noted. Only a subset of originally 
enrolled Project Viva participants with prenatal PFAS measurements and childhood 
cognitive assessments were included in our study (41% of the full Project Viva cohort). 
On average, excluded subjects had slightly higher PFAS plasma concentrations, slightly 
lower verbal IQ scores, slightly higher visual memory scores, and also differed in terms 
of other demographic characteristics; differential loss to follow-up may have introduced 
some degree of selection bias. While we report separate results for each PFAS, there were 
moderate to high correlations between plasma concentrations of the four studied PFASs; 
it is therefore challenging to fully differentiate the effects of individual chemicals, and it 
is possible that findings could reflect the combined effects of concurrent exposure to 
multiple PFASs.  
We based our estimates of each child participant’s in utero exposure on a single 
measurement of maternal plasma PFAS concentration in the first or second trimester of 
pregnancy (5.6‒20.9 weeks of gestation). Although data on PFAS elimination rates in 
humans are limited, prior studies have reported half-lives of 2.3 and 3.8 years for PFOA 
(Bartell et al. 2010; Lau et al. 2007), 5.4 years for PFOS, and 8.5 years for PFHxS (Lau et 
al. 2007). Because PFAS half-lives in humans appear to be relatively long, and levels of 
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PFASs in maternal peripheral blood correlate highly with levels in cord blood (Fromme 
et al. 2010; Kato et al. 2014; S Kim et al. 2011; Liu et al. 2011), a single measure of 
maternal plasma PFAS concentration in pregnancy likely represents a good estimate of 
PFAS exposure throughout gestation. It is possible, however, that physiologic changes in 
pregnancy, including plasma volume expansion, changes in renal function, and 
transplacental transfer of PFASs, may have affected the accuracy of exposure 
measurements. Prior investigators have noted that maternal serum concentrations of 
PFASs tend to decrease as pregnancy progresses; in a cohort of pregnant women with 
repeated PFAS measures, concentrations of PFOA, PFOS, PFHxS and PFNA decreased 
25–43% between the sixteenth week of gestation and delivery (Kato et al. 2014). To 
control for potential confounding by factors related to pregnancy physiology, analyses 
were adjusted for estimated GFR and gestational week in which plasma was collected 
(with sensitivity analyses adjusted for plasma albumin), but residual confounding or 
exposure misclassification due to these factors is still possible. Although we adjusted 
analyses for breastfeeding duration, residual confounding related to breastfeeding might 
also have influenced the observed associations of upper quintile PFOA exposure with 
lower verbal IQ and visual motor skills; women in the lowest quintile of PFOA 
concentration had longer mean breastfeeding duration (8.1 months) than those in the 
upper four quintiles (Q2: 6.9 months, Q3: 5.6 months, Q4: 6.0 months, Q5: 5.2 months), 
and longer breastfeeding duration was observed in this cohort to predict higher IQ scores 
(although it did not predict better visual motor scores) (Belfort et al. 2013). 
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In addition, our analyses did not include measures of children’s postnatal 
exposures to PFASs. Mothers and children may have shared sources of PFAS exposure 
related to diet or home environment. Breastfeeding also likely represents an important 
postnatal exposure route for breastfed children, and prior investigators have described 
high correlations between PFAS concentrations in matched samples of maternal serum 
and breastmilk (SK Kim et al. 2011; Liu et al. 2011). It is therefore possible that 
associations we attribute to prenatal PFAS exposure could relate to postnatal exposures; 
future analyses incorporating measures of childhood exposure would allow for 
comparison of potential effects across multiple developmental windows.  
 Our study also has a number of strengths. PFAS concentrations in the study 
cohort were similar to concentrations observed in NHANES during the same period; this 
study is one of the first to assess associations of PFASs with children’s cognitive 
development among participants with concentrations similar to those of the general US 
population during the same time period. We employed multiple measures of cognitive 
development assessing a range of domains, which may aid in identifying particular 
neurodevelopmental processes potentially sensitive to PFAS exposure. The study was 
conducted in a relatively large, prospective cohort with rich data on maternal and child 
health and behaviors, which enabled adjustment for a number of important potential 
confounders including physiologic measures in pregnancy, maternal IQ, support for 
cognitive development in the home, breastfeeding, and multiple sociodemographic 
factors. 
 
   
 
116 
CONCLUSION 
In a US prospective cohort with population-relevant PFAS exposures, higher 
prenatal exposure to PFOA predicted lower verbal IQ and visual motor abilities in 
childhood. Relationships of other PFASs with childhood cognitive outcomes were less 
consistent; children with the highest exposure to PFOS and PFNA had better performance 
on selected assessments of cognitive development (verbal IQ, non-verb al IQ and design 
memory for PFOS and verbal IQ, design memory and picture memory for PFNA). We 
observed some evidence that associations of PFOS and PFNA exposure with cognitive 
development might differ by sex, although trends were not consistent across outcomes. 
Dose-response relationships for PFAS exposures and cognitive outcomes were mostly 
non-linear and in some cases non-monotonic. Findings may indicate that prenatal PFAS 
exposure can induce both neurotoxic and neuroprotective effects, potentially depending 
on PFAS, cognitive endpoint, dose, and child sex, but inconsistent findings may also be 
attributable to chance variation in our data. Additional research is needed on the potential 
effects of PFAS exposure on neurodevelopment. 
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Table 4.1 Characteristics of study participants (after imputation for covariates, n=872) 
Characteristic N (%) or mean ± 
standard deviation  
Cognitive Assessments  
Verbal IQ (KBIT-2)a (n=863) 112.0 ± 15.1 
Non-Verbal IQ (KBIT-2)a (n=872) 106.4 ± 17.0 
Visual Motor (WRAVMA)a (n=866) 92.0 ± 16.8
 
Design Memory (WRAML2)b (n=868) 8.0 ± 2.8 
Picture Memory (WRAML2)b (n=868) 8.9 ± 3.0 
 
 
Child characteristics  
Age at testing (years) 8.0 ± 0.9 
Sex  
  Female  422 (48) 
  Male  450 (52) 
Duration of breastfeeding (months up to 12) 6.4 ± 4.7 
 
 
Maternal characteristics  
Age at enrollment (years) 32.1 ± 5.4 
IQ (KBIT-2 composite) at time of child cognitive assessment 106.9 ± 15.2 
Gestational duration at time of pregnancy blood draw (weeks) 10.1 ± 2.3 
Estimated glomerular filtration rate at time of pregnancy blood 
draw (mL/min per 1.73 m2) 109.4 ± 38.6 
Plasma albumin at time of pregnancy blood draw (g/dL) 8.2 ± 2.0 
Pre-pregnancy body mass index (kg/m2) 24.8 ± 5.3 
Weight gain during pregnancy (kg) 15.5 ± 5.4 
Parity   
  Nulliparous  419 (48) 
  1  315 (36) 
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  ≥2  138 (16) 
Education (at enrollment)  
  Less than college degree  279 (32) 
  College degree  304 (35) 
  Graduate degree  289 (33) 
Race/ethnicity  
  White  599 (69) 
  Black  131 (15) 
  Asian  39 (4) 
  Hispanic  63 (7) 
  Other  40 (5) 
 
 
Paternal characteristics  
Education (at enrollment)  
  Less than college degree  321 (37) 
  College degree  301 (35) 
  Graduate degree  250 (29) 
 
 
Household characteristics  
HOME-SF scorec at time of child cognitive assessment 18.4 ± 2.3 
Household annual income at enrollment   
  ≤$40K  154 (18) 
  >$40‒≤$70K  189 (22) 
  >$70K  529 (61) 
a
 KBIT-2 and WRAVMA scores standardized to mean=100, SD=15 
b
 WRAML scores standardized to mean=10, SD=3. 
c
 Home Observation for Measurement of the Environment (Short Form); scale: 0-22, with higher scores representing better support 
for cognitive development in home.  
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Table 4.2 Concentrations of measured per- and polyfluoroalkyl substances (PFASs) in maternal pregnancy plasma for study participants 
(n=872) and correlations among PFAS concentrationsa 
PFAS 
Geometric mean (25th–
75th percentile) plasma 
concentration (ng/mL) 
Correlation with 
PFOA 
concentration 
(Spearman r) 
Correlation 
with PFOS 
concentration 
(Spearman r) 
Correlation with 
PFHxS 
concentration 
(Spearman r) 
Correlation 
with PFNA 
concentration 
(Spearman r) 
Perfluorooctanoate 
(PFOA) 5.4 (3.9–7.7) - 0.73 0.54 0.55 
Perfluorooctane 
sulfonate (PFOS) 24.7 (18.2–33.6) 0.73 - 0.52 0.64 
Perfluorohexane 
sulfonate (PFHxS) 2.4 (1.6–3.7) 0.54 0.52 - 0.45 
Perfluorononanoate 
(PFNA) 0.6 (0.5–0.9) 0.55 0.64 0.45 - 
a All correlation coefficient p-values  <0.0001  
   
 
 
120
 
Table 4.3 Mean differences in children’s cognitive assessment scores associated with maternal pregnancy plasma PFAS concentrations 
(95% confidence intervals)a 
 
Nb Verbal IQ (KBIT-2) 
Non-Verbal IQ 
(KBIT-2) 
Visual Motor 
(WRAVMA) 
Design Memory 
(WRAML2) 
Picture Memory 
(WRAML2) 
 
 Standardized to mean=100, SD=15 Standardized to mean=10, SD=3 
PFOA quintiles (ng/mL)       
0.8‒3.5 170 Ref Ref Ref Ref Ref 
3.6‒4.9 182 -4.0 (-6.7, -1.3) -1.1 (-4.6, 2.4) -3.8 (-7.4, -0.2) 0.1 (-0.5, 0.7) -0.5 (-1.2, 0.1) 
5.0‒6.3 172 -2.4 (-5.3, 0.4) -0.4 (-4.0, 3.3) -4.3 (-8.0, -0.5) 0.1 (-0.5, 0.7) 0.2 (-0.5, 0.8) 
6.4‒8.2 176 -3.0 (-5.9, -0.1) -1.2 (-4.9, 2.6) -3.6 (-7.5, 0.2) 0.4 (-0.2, 1.0) 0.0 (-0.7, 0.7) 
8.3‒49.3 172 -2.2 (-5.2, 0.8) 1.5 (-2.3, 5.4) -4.5 (-8.4, -0.5) 0.6 (-0.1, 1.2) -0.1 (-0.8, 0.6) 
PFOS quintiles (ng/mL)       
4.6‒16.9 176 Ref Ref Ref Ref Ref 
17.0‒22.0 174 1.3 (-1.4, 3.9) -0.1 (-3.6, 3.3) -0.6 (-4.1, 3.0) 0.0 (-0.6, 0.6) -0.1 (-0.7, 0.6) 
22.1‒27.5 174 -1.4 (-4.2, 1.3) -1.3 (-4.8, 2.2) -0.7 (-4.4, 2.9) -0.1 (-0.7, 0.5) -0.5 (-1.2, 0.1) 
27.6‒36.1 175 0.7 (-2.1, 3.4) 2.1 (-1.4, 5.7) -1.8 (-5.5, 1.8) 0.2 (-0.4, 0.8) -0.1 (-0.8, 0.6) 
36.2‒168.0 173 2.9 (0.0, 5.8) 3.3 (-0.4, 7.0) -3.1 (-6.9, 0.7) 0.7 (0.1, 1.4) 0.5 (-0.2, 1.2) 
PFHxS quintiles (ng/mL)       
<0.1‒1.4 185 Ref Ref Ref Ref Ref 
1.5‒2.0 171 -2.8 (-5.4, -0.1) -3.6 (-7.1, -0.2) -4.7 (-8.2, -1.1) -0.4 (-1.0, 0.2) -0.5 (-1.2, 0.1) 
2.1‒2.7 170 0.3 (-2.4, 3.0) -0.9 (-4.4, 2.6) -2.4 (-6.0, 1.2) 0.0 (-0.6, 0.6) 0.0 (-0.7, 0.6) 
2.8‒4.1 170 0.4 (-2.4, 3.2) -1.9 (-5.5, 1.7) -4.7 (-8.4, -1.1) 0.4 (-0.2, 1.0) 0.2 (-0.5, 0.9) 
4.2‒43.2 176 0.2 (-2.6, 2.9) -0.7 (-4.2, 2.8) -1.1 (-4.7, 2.5) 0.5 (-0.2, 1.1) -0.2 (-0.8, 0.5) 
PFNA quintiles (ng/mL)       
<0.1‒0.4 186 Ref Ref Ref Ref Ref 
0.5‒0.5 127 -0.3 (-3.2, 2.5) -1.0 (-4.7, 2.7) -0.1 (-4, 3.7) -0.1 (-0.7, 0.6) 0.8 (0.1, 1.5) 
0.6‒0.7 242 -0.4 (-2.8, 2.1) -0.6 (-3.8, 2.6) -0.8 (-4.1, 2.5) 0.0 (-0.6, 0.5) 0.5 (-0.1, 1.1) 
0.8‒0.9 133 0.2 (-2.7, 3.1) -0.8 (-4.6, 3.0) -2.6 (-6.5, 1.3) -0.1 (-0.7, 0.6) 0.4 (-0.3, 1.1) 
1.0‒6.0 184 2.3 (-0.5, 5.1) 0.7 (-2.9, 4.3) 0.3 (-3.4, 4.0) 0.6 (0.0, 1.3) 1.0 (0.3, 1.7) 
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a Models adjusted for: gestational age (in weeks) at time of pregnancy blood collection, estimated glomerular filtration rate (mL/min per 
1.73 m2) at blood draw (derived from plasma creatinine levels using Cockcroft-Gault equation), maternal race/ethnicity (Black, White, 
Hispanic, Asian or Other), age (<25, 25-34, ≥35 years),  education (<college degree, college degree, graduate degree), parity (0, 1, ≥2), IQ 
(KBIT-2), pre-pregnancy body mass index (kg/m2), pregnancy weight gain (kg), paternal education (<college degree, college degree, 
graduate degree), annual household income at enrollment (<$40K, $40-70K, ≥$70K), child’s sex and age (years) at cognitive testing, 
breastfeeding duration (in months) and support for cognitive development in home at time of cognitive testing (Home Observation for 
Measurement of the Environment-Short Form (HOME-SF) score). 
b Some children were missing outcome data for one or more cognitive assessments, and were excluded from analyses for those 
assessments (Verbal IQ: n=9; Visual Motor: n=6; Design/Picture Memory: n=4).  
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Table 4.4 Mean differences in cognitive assessment scores associated with maternal pregnancy plasma PFAS concentrations (95% 
confidence intervals)a, in females (n=422) 
 
Nb Verbal IQ (KBIT-2) 
Non-Verbal IQ 
(KBIT-2) 
Visual Motor 
(WRAVMA) 
Design Memory 
(WRAML2) 
Picture Memory 
(WRAML2) 
 
 Standardized to mean=100, SD=15 Standardized to mean=10, SD=3 
PFOA quintiles (ng/mL)       
0.8‒3.5 84 Ref Ref Ref Ref Ref 
3.6‒4.9 92 -4.7 (-8.6, -0.8) 0.3 (-4.7, 5.4) -4.6 (-9.6, 0.5) -0.1 (-0.9, 0.7) -0.2 (-1.2, 0.7) 
5.0‒6.3 73 -0.3 (-4.6, 3.9) -0.3 (-5.8, 5.2) -3.4 (-9.0, 2.2) -0.1 (-1.0, 0.8) 0.6 (-0.5, 1.6) 
6.4‒8.2 82 -1.9 (-6.3, 2.4) -0.2 (-5.8, 5.4) -4.6 (-10.3, 1.0) 0.1 (-0.8, 1.0) 0.5 (-0.6, 1.5) 
8.3‒49.3 91 -1.3 (-5.5, 3.0) 3.8 (-1.7, 9.3) -6.4 (-11.9, -0.8) 0.5 (-0.4, 1.3) 0.6 (-0.4, 1.6) 
PFOS quintiles (ng/mL)       
4.6‒16.9 88 Ref Ref Ref Ref Ref 
17.0‒22.0 81 3.3 (-0.6, 7.1) -2.9 (-7.9, 2.1) 4.4 (-0.8, 9.5) 0.2 (-0.6, 1.0) 0.1 (-0.8, 1.1) 
22.1‒27.5 92 -2.4 (-6.2, 1.5) -5.0 (-10, 0.0) 0.8 (-4.3, 5.9) -0.5 (-1.3, 0.3) -0.2 (-1.1, 0.8) 
27.6‒36.1 81 3.6 (-0.5, 7.6) 0.5 (-4.7, 5.8) 1.9 (-3.5, 7.2) 0.5 (-0.3, 1.4) 0.2 (-0.8, 1.2) 
36.2‒168.0 80 5.7 (1.5, 9.8) 4.3 (-1.0, 9.6) -2.4 (-7.8, 3.1) 0.6 (-0.2, 1.5) 1.0 (0.0, 2.0) 
PFHxS quintiles (ng/mL)       
<0.1‒1.4 102 Ref Ref Ref Ref Ref 
1.5‒2.0 88 -4.5 (-8.2, -0.8) -3.5 (-8.3, 1.3) -4.9 (-9.7, -0.1) -0.4 (-1.2, 0.3) -0.8 (-1.7, 0.1) 
2.1‒2.7 74 1.5 (-2.3, 5.3) -1.0 (-6.0, 4.0) -3.6 (-8.7, 1.5) -1.0 (-1.8, -0.2) 0.1 (-0.8, 1.0) 
2.8‒4.1 71 -0.3 (-4.4, 3.8) -2.3 (-7.6, 3.0) -3.9 (-9.2, 1.4) 0.0 (-0.9, 0.8) 0.1 (-0.9, 1.1) 
4.2‒43.2 87 2.9 (-0.9, 6.7) 0.8 (-4.1, 5.7) -1.0 (-6.0, 4.0) 0.2 (-0.6, 1.0) -0.2 (-1.1, 0.7) 
PFNA quintiles (ng/mL)       
<0.1‒0.4 87 Ref Ref Ref Ref Ref 
0.5‒0.5 64 3.3 (-0.9, 7.4) -0.2 (-5.6, 5.3) 3.1 (-2.4, 8.6) 0.2 (-0.7, 1.1) 1.0 (0.0, 2.0) 
0.6‒0.7 116 3.0 (-0.6, 6.7) -0.8 (-5.5, 4.0) 1.3 (-3.5, 6.0) -0.1 (-0.9, 0.7) 0.2 (-0.7, 1.1) 
0.8‒0.9 63 4.8 (0.5, 9.1) -0.2 (-5.8, 5.4) -3.7 (-9.3, 1.9) -0.2 (-1.1, 0.7) 0.5 (-0.5, 1.6) 
1.0‒6.0 92 5.3 (1.2, 9.3) 2.7 (-2.5, 8.0) 3.0 (-2.2, 8.3) 0.7 (-0.2, 1.5) 1.3 (0.3, 2.3) 
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a Models adjusted for: gestational age (in weeks) at time of pregnancy blood collection, estimated glomerular filtration rate (mL/min per 
1.73 m2) at blood draw (derived from plasma creatinine levels using Cockcroft-Gault equation), maternal race/ethnicity (Black, White, 
Hispanic, Asian or Other), age (<25, 25-34, ≥35 years),  education (<college degree, college degree, graduate degree), parity (0, 1, ≥2), IQ 
(KBIT-2), pre-pregnancy body mass index (kg/m2), pregnancy weight gain (kg), paternal education (<college degree, college degree, 
graduate degree), annual household income at enrollment (<$40K, $40-70K, ≥$70K), child’s sex and age (years) at cognitive testing, 
breastfeeding duration (in months) and support for cognitive development in home at time of cognitive testing (Home Observation for 
Measurement of the Environment-Short Form (HOME-SF) score). 
b Some children were missing outcome data for one or more cognitive assessments, and were excluded from analyses for those 
assessments (Verbal IQ: n=6; Visual Motor: n=3; Design Memory: n=3; Picture Memory: n=1).  
  
   
 
 
124
 
Table 4.5 Mean differences in cognitive assessment scores associated with maternal pregnancy plasma PFAS concentrations (95% 
confidence intervals)a, in males (n=450) 
 
Nb Verbal IQ (KBIT-2) 
Non-Verbal IQ 
(KBIT-2) 
Visual Motor 
(WRAVMA) 
Design Memory 
(WRAML2) 
Picture Memory 
(WRAML2) 
  Standardized to mean=100, SD=15 Standardized to mean=10, SD=3 
PFOA quintiles (ng/mL)       
0.8‒3.5 86 Ref Ref Ref Ref Ref 
3.6‒4.9 90 -3.2 (-7.0, 0.6) -3.0 (-7.9, 1.9) -2.8 (-8.0, 2.4) 0.3 (-0.6, 1.2) -0.8 (-1.8, 0.1) 
5.0‒6.3 99 -4.4 (-8.2, -0.5) -0.8 (-5.8, 4.1) -4.6 (-9.8, 0.5) 0.3 (-0.6, 1.2) -0.2 (-1.1, 0.7) 
6.4‒8.2 94 -4.8 (-8.8, -0.9) -2.5 (-7.7, 2.6) -2.7 (-8.0, 2.7) 0.7 (-0.3, 1.6) -0.5 (-1.4, 0.5) 
8.3‒49.3 81 -3.0 (-7.2, 1.1) -0.2 (-5.6, 5.2) -3.0 (-8.7, 2.6) 0.8 (-0.2, 1.7) -0.7 (-1.7, 0.3) 
PFOS quintiles (ng/mL)       
4.6‒16.9 88 Ref Ref Ref Ref Ref 
17.0‒22.0 93 -0.3 (-4.0, 3.5) 2.8 (-2.1, 7.6) -4.5 (-9.6, 0.6) -0.1 (-1.0, 0.8) -0.3 (-1.2, 0.6) 
22.1‒27.5 82 -0.7 (-4.6, 3.3) 1.5 (-3.6, 6.5) -2.0 (-7.3, 3.2) 0.3 (-0.6, 1.2) -0.8 (-1.8, 0.1) 
27.6‒36.1 94 -1.9 (-5.7, 2.0) 3.3 (-1.7, 8.2) -4.6 (-9.7, 0.6) 0.0 (-0.9, 0.9) -0.3 (-1.2, 0.6) 
36.2‒168.0 93 0.1 (-3.9, 4.1) 2.9 (-2.3, 8.0) -4.2 (-9.6, 1.2) 0.9 (-0.1, 1.8) 0.0 (-0.9, 1.0) 
PFHxS quintiles (ng/mL)       
<0.1‒1.4 83 Ref Ref Ref Ref Ref 
1.5‒2.0 83 -2.2 (-6.2, 1.8) -3.4 (-8.6, 1.8) -5.8 (-11.2, -0.4) -0.3 (-1.2, 0.7) -0.3 (-1.3, 0.7) 
2.1‒2.7 96 -1.7 (-5.6, 2.2) -0.5 (-5.5, 4.5) -1.8 (-7.0, 3.5) 0.9 (0.0, 1.8) -0.1 (-1.1, 0.8) 
2.8‒4.1 99 0.1 (-3.9, 4.1) -1.9 (-7.0, 3.2) -6.2 (-11.5, -0.9) 0.8 (-0.2, 1.7) 0.3 (-0.6, 1.3) 
4.2‒43.2 89 -2.4 (-6.4, 1.6) -1.8 (-6.9, 3.3) -1.8 (-7.1, 3.6) 0.8 (-0.2, 1.7) -0.1 (-1.1, 0.8) 
PFNA quintiles (ng/mL)       
<0.1‒0.4 99 Ref Ref Ref Ref Ref 
0.5‒0.5 63 -3.6 (-7.6, 0.5) -1.7 (-7.0, 3.5) -2.3 (-7.7, 3.2) -0.3 (-1.2, 0.7) 0.7 (-0.3, 1.6) 
0.6‒0.7 126 -3.6 (-7, -0.1) -0.3 (-4.7, 4.2) -2.3 (-7.0, 2.4) 0.0 (-0.8, 0.8) 0.8 (0.0, 1.7) 
0.8‒0.9 70 -4.0 (-8.1, 0.0) -1.5 (-6.7, 3.8) -1.4 (-6.9, 4.1) 0.2 (-0.7, 1.2) 0.2 (-0.7, 1.2) 
1.0‒6.0 92 -1.1 (-4.9, 2.8) -0.9 (-5.9, 4.1) -2.8 (-8.1, 2.4) 0.6 (-0.3, 1.5) 0.7 (-0.2, 1.6) 
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a Models adjusted for: gestational age (in weeks) at time of pregnancy blood collection, estimated glomerular filtration rate (mL/min per 
1.73 m2) at blood draw, maternal race/ethnicity (Black, White, Hispanic, Asian or Other), age (<25, 25-34, ≥35 years),  education 
(<college degree, college degree, graduate degree), parity (0, 1, ≥2), IQ (KBIT-2), pre-pregnancy body mass index (kg/m2), pregnancy 
weight gain (kg), paternal education (<college degree, college degree, graduate degree), annual household income at enrollment (<$40K, 
$40-70K, ≥$70K), child’s sex and age (years) at cognitive testing, breastfeeding duration (in months) and support for cognitive 
development in home at time of cognitive testing (Home Observation for Measurement of the Environment-Short Form (HOME-SF) 
score). 
b Some children were missing outcome data for one or more cognitive assessments, and were excluded from analyses for those 
assessments (Verbal IQ: n=3; Visual Motor: n=3; Design Memory: n=1; Picture Memory: n=3. 
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Table 4.6 Characteristics [geometric mean (25th–75th percentile), mean ± SD, or %] of study subjects with and without imputation of 
covariates, and cohort participants excluded from the present study due to missing exposure or outcome data 
Characteristic 
Characteristics of 
study participants, 
with imputed 
covariates (n=872) 
N,  
observations 
for which 
missing data 
was imputed 
Characteristics of 
study participants, 
without 
imputation 
(n=872) 
N, excluded 
cohort 
participants 
with available 
data 
Characteristics 
of excluded 
cohort 
participants 
(n=1,256) 
PFAS plasma concentrations 
(ng/mL) 
   
  
Perfluorooctanoate (PFOA) 5.4 (3.9–7.7) - 5.4 (3.9–7.7) 773 6.0 (4.4–8.2) 
Perfluorooctane sulfonate (PFOS) 24.7 (18.2–33.6) - 24.7 (18.2–33.6) 773 26.2 (19.7–36.2) 
Perfluorohexane sulfonate (PFHxS) 2.4 (1.6–3.7) - 2.4 (1.6–3.7) 773 2.6 (1.8–3.9) 
Perfluorononanoate (PFNA) 0.6 (0.5–0.9) - 0.6 (0.5–0.9) 773 0.7 (0.5–1.0) 
 
 
 
   
Cognitive assessments      
Verbal IQ (KBIT-2)a  112.0 ± 15.1 - 112.0 ± 15.1 237 111.2 ± 15.2 
Non-Verbal IQ (KBIT-2)a  106.4 ± 17.0 - 106.4 ± 17.0 238 106.4 ± 17.0 
Visual Motor (WRAVMA)a  92.0 ± 16.8
 
- 92.0 ± 16.8
 
237 92.0 ± 16.5 
Design Memory (WRAML2)b  8.0 ± 2.8 - 8.0 ± 2.8 238 8.1 ± 2.7 
Picture Memory (WRAML2)b  8.9 ± 3.0 - 8.9 ± 3.0 238 9.1 ± 2.9 
 
     
Child characteristics      
Age at testing (years) 8.0 ± 0.9 0 8.0 ± 0.9 243 7.9 ± 0.8 
Sex  0  1,256  
  Female  48 - 48 - 49 
  Male  52 - 52 - 51 
Duration of breastfeeding (months 
up to 12) 6.4 ± 4.7 59 6.5 ± 4.6 832 5.1 ± 4.4 
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Maternal characteristics      
Age at enrollment (years) 32.1 ± 5.4 0 32.1 ± 5.4 1,256 31.6 ± 5.1 
IQ (KBIT-2 composite) 106.9 ± 15.2 15 106.9 ± 15.2 234 104.6 ± 16.4 
Gestational duration at time of 
pregnancy blood draw (weeks) 10.1 ± 2.3 0 10.1 ± 2.3 796 10.1 ± 2.3 
Estimated glomerular filtration rate 
at time of pregnancy blood draw 
(mL/min per 1.73 m2) 
109.4 ± 38.6 12 109.5 ± 38.6 770 110.2 ± 59.5 
Plasma albumin (g/dL) 8.2 ± 2.0 44 8.2 ± 2.0 756 8.5 ± 2.9 
Pre-pregnancy body mass index 
(kg/m2) 24.8 ± 5.3 6 24.8 ± 5.3 1,246 25.0 ± 5.7 
Weight gain during pregnancy (kg) 15.5 ± 5.4 17 15.5 ± 5.4 1,213 15.6 ± 5.9 
Parity   0  1,256  
  Nulliparous  48 - 48 - 48 
  1  36 - 36 - 36 
  ≥2  16 - 16 - 17 
Education   4  1,236  
  Less than college degree  32 - 32 - 38 
  College degree  35 - 35 - 36 
  Graduate degree  33 - 33 - 27 
Race/ethnicity  4  1,236  
  White  69 - 69 - 65 
  Black  15 - 15 - 18 
  Asian  4 - 4 - 7 
  Hispanic  7 - 7 - 8 
  Other  5 - 5 - 3 
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Paternal characteristics      
Education  92  1,124  
  Less than college degree  37 - 32 - 38 
  College degree  35 - 37 - 34 
  Graduate degree  29 - 31 - 28 
 
     
Household characteristics      
HOME-SF scorec 18.4 ± 2.3 26 18.4 ± 2.2 341 18.2 ± 2.1 
Household annual income at 
enrollment   81  1,083  
  ≤$40K  18 - 15 - 16 
  >$40‒≤$70K  22 - 21 - 24 
  >$70K  61 - 64 - 59 
a
 KBIT-2 and WRAVMA scores standardized to mean=100, SD=15 
b
 WRAML scores standardized to mean=10, SD=3. 
c
 Home Observation for Measurement of the Environment (Short Form); scale: 0-22, with higher scores representing better support for 
cognitive development in home. 
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Table 4.7 Mean differences in children’s cognitive assessment scores associated with maternal pregnancy plasma PFAS concentrations 
(95% confidence intervals), with adjustment for plasma albumina 
 
Nb Verbal IQ (KBIT-2) 
Non-Verbal IQ 
(KBIT-2) 
Visual Motor 
(WRAVMA) 
Design Memory 
(WRAML2) 
Picture Memory 
(WRAML2) 
  Standardized to mean=100, SD=15 Standardized to mean=10, SD=3 
PFOA quintiles (ng/mL)       
0.8‒3.5 170 Ref Ref Ref Ref Ref 
3.6‒4.9 182 -4.1 (-6.8, -1.4) -1.2 (-4.7, 2.3) -4.0 (-7.6, -0.4) 0.1 (-0.5, 0.7) -0.6 (-1.2, 0.1) 
5.0‒6.3 172 -2.6 (-5.4, 0.3) -0.5 (-4.1, 3.2) -4.5 (-8.3, -0.7) 0.1 (-0.5, 0.7) 0.1 (-0.6, 0.8) 
6.4‒8.2 176 -3.3 (-6.2, -0.3) -1.3 (-5.2, 2.5) -4.0 (-7.9, -0.1) 0.4 (-0.3, 1.1) -0.1 (-0.8, 0.6) 
8.3‒49.3 172 -2.5 (-5.5, 0.6) 1.3 (-2.6, 5.3) -4.9 (-8.9, -0.8) 0.6 (-0.1, 1.3) -0.2 (-0.9, 0.6) 
PFOS quintiles (ng/mL)       
4.6‒16.9 176 Ref Ref Ref Ref Ref 
17.0‒22.0 174 1.3 (-1.4, 3.9) -0.1 (-3.6, 3.3) -0.7 (-4.2, 2.9) 0.0 (-0.6, 0.6) -0.1 (-0.7, 0.5) 
22.1‒27.5 174 -1.4 (-4.2, 1.3) -1.3 (-4.9, 2.2) -0.8 (-4.5, 2.8) -0.1 (-0.7, 0.5) -0.5 (-1.2, 0.1) 
27.6‒36.1 175 0.7 (-2.1, 3.5) 2.1 (-1.5, 5.7) -2.0 (-5.8, 1.7) 0.2 (-0.4, 0.9) -0.1 (-0.8, 0.5) 
36.2‒168.0 173 2.9 (0.0, 5.8) 3.3 (-0.5, 7.1) -3.4 (-7.3, 0.5) 0.8 (0.1, 1.4) 0.4 (-0.3, 1.1) 
PFHxS quintiles (ng/mL)       
<0.1‒1.4 185 Ref Ref Ref Ref Ref 
1.5‒2.0 171 -2.8 (-5.5, -0.1) -3.7 (-7.1, -0.2) -4.7 (-8.3, -1.2) -0.4 (-1.0, 0.2) -0.5 (-1.2, 0.1) 
2.1‒2.7 170 0.3 (-2.4, 3.0) -1.0 (-4.5, 2.5) -2.5 (-6.1, 1.1) 0.0 (-0.6, 0.6) -0.1 (-0.7, 0.6) 
2.8‒4.1 170 0.3 (-2.5, 3.2) -2.0 (-5.7, 1.6) -4.9 (-8.6, -1.1) 0.4 (-0.2, 1.0) 0.1 (-0.5, 0.8) 
4.2‒43.2 176 0.1 (-2.7, 2.9) -0.9 (-4.4, 2.7) -1.3 (-4.9, 2.4) 0.5 (-0.2, 1.1) -0.2 (-0.9, 0.5) 
PFNA quintiles (ng/mL)       
<0.1‒0.4 186 Ref Ref Ref Ref Ref 
0.5‒0.5 127 -0.3 (-3.2, 2.6) -1.1 (-4.9, 2.6) -0.2 (-4.1, 3.6) -0.1 (-0.7, 0.6) 0.8 (0.1, 1.5) 
0.6‒0.7 242 -0.4 (-2.9, 2.2) -0.7 (-4.0, 2.5) -0.9 (-4.3, 2.4) 0.0 (-0.6, 0.5) 0.5 (-0.1, 1.1) 
0.8‒0.9 133 0.2 (-2.8, 3.2) -1.0 (-4.8, 2.9) -2.8 (-6.7, 1.2) 0.0 (-0.7, 0.6) 0.4 (-0.3, 1.1) 
1.0‒6.0 184 2.3 (-0.6, 5.2) 0.5 (-3.3, 4.2) 0.1 (-3.8, 3.9) 0.6 (0.0, 1.3) 1.0 (0.3, 1.7) 
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a Models adjusted for: gestational age (in weeks) at time of pregnancy blood collection, estimated glomerular filtration rate (mL/min per 
1.73 m2) at blood draw, plasma albumin (g/dL) at blood draw, maternal race/ethnicity (Black, White, Hispanic, Asian or Other), age (<25, 
25-34, ≥35 years),  education (<college degree, college degree, graduate degree), parity (0, 1, ≥2), IQ (KBIT-2), pre-pregnancy body mass 
index (kg/m2), pregnancy weight gain (kg), paternal education (<college degree, college degree, graduate degree), annual household 
income at enrollment (<$40K, $40-70K, ≥$70K), child’s sex and age (years) at cognitive testing, breastfeeding duration (in months) and 
support for cognitive development in home at time of cognitive testing (Home Observation for Measurement of the Environment-Short 
Form (HOME-SF) score). 
b Some children were missing outcome data for one or more cognitive assessments, and were excluded from analyses for those 
assessments (Verbal IQ: n=3; Visual Motor: n=3; Design Memory: n=1; Picture Memory: n=3). 
 
  
   
 
 
131
 
Figure 4.1 Cubic regression splines illustrating relationships of maternal pregnancy plasma PFAS concentrations with correlation 
coefficients (β) for child cognitive assessment scores (+ 95% confidence intervals)a 
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a Cubic regression splines (with 3 degrees of freedom) generated from generalized additive models adjusted for: gestational age (in weeks) 
at time of pregnancy blood collection, estimated glomerular filtration rate (mL/min per 1.73 m2) at blood draw (derived from plasma 
creatinine levels using Cockcroft-Gault equation), maternal race/ethnicity (Black, White, Hispanic, Asian or Other), age (<25, 25-34, ≥35 
years),  education (≥college  degree/<college degree), parity (0, 1, ≥2), IQ (KBIT-2), pre-pregnancy body mass index (kg/m2), smoking 
status (never smoker, former smoker, smoked during pregnancy), annual household income at time of cognitive testing (<$40K, $40-70K, 
$70-150K, ≥$150K), child’s sex and age (years) at cognitive testing, and support for cognitive development in home at time of cognitive 
testing (Home Observation for Measurement of the Environment-Short Form (HOME-SF) score). 
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CHAPTER 5: CONCLUSION 
 
This research aimed to evaluate effects of prenatal exposure to traffic-related air 
pollution and PFASs on neurodevelopment in childhood; we also assessed the influence 
of postnatal exposures to traffic. We conducted analyses utilizing data from Project Viva, 
a prospective cohort of mothers and children followed longitudinally from early 
pregnancy through childhood. The first paper, outlined in Chapter 2, assessed multiple 
measures of prenatal and childhood exposure to traffic-related pollution in relation to 
children’s performance on assessments of cognitive function. The second, presented in 
Chapter 3, evaluated associations of the same prenatal and childhood traffic exposures 
with children’s executive function and behavior problems, as evaluated by mothers and 
classroom teachers. The third, detailed in Chapter 4, examined relationships of PFAS 
concentrations in maternal blood from pregnancy with the cognitive performance of their 
children. 
 
Chapter 2. Prenatal and childhood traffic-related pollution exposure and childhood 
cognition 
We assessed four measures of exposure to traffic-related pollution: black carbon 
(BC), a marker of diesel exhaust; fine particulate matter (PM2.5), a component of vehicle 
emissions; near-residence traffic density, which incorporated traffic counts on roadways 
within 100 meters of a residence; and residential proximity to the nearest major roadway. 
Mean ambient concentrations of BC and PM2.5 at participants’ residential addresses were 
estimated for the third trimester of pregnancy, the first six years of life, and the year 
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preceding childhood cognitive assessments. Near-residence traffic density and residential 
proximity to major roadways were assessed at the date of birth (as a proxy for prenatal 
and early life exposure) and at the date of cognitive assessment (as a representation of 
recent childhood exposure). Children with a birth address within 50 meters of a major 
roadway at birth had lower non-verbal intelligence, verbal intelligence, and visual motor 
abilities in mid-childhood than those living more than 200 meters from a major roadway. 
Effect estimates were imprecise because the findings were based on a small number of 
participants (3%) in the closest category of roadway proximity, but findings suggested 
that prenatal proximity to major roadways negatively influences cognitive development. 
Roadway proximity at cognitive testing appeared less strongly related to cognitive 
assessment scores, suggesting that gestation (or early life) is a more sensitive period than 
mid-childhood to potential effects of major roadway proximity on cognitive 
development.  
BC exposure in all studied periods (prenatal and childhood) was associated with 
lower verbal IQ in minimally adjusted models, but not in primary covariate-adjusted 
models, suggesting that sociodemographic factors confounded associations of BC and 
verbal IQ. These findings highlight the importance of controlling for accurate measures 
of socioeconomic status in analyses of modeled air pollution exposures and childhood 
cognitive outcomes, but also suggest that the influences of traffic-related pollutants and 
socioeconomic factors may be challenging to fully differentiate. PM2.5 and near-residence 
traffic density measures did not appear to predict cognitive outcomes.  Taken together, 
the findings suggest that the associations we observed between major roadway proximity 
   
 
135 
at birth and cognitive scores could relate to components of tailpipe emissions other than 
BC or PM2.5 (e.g., ultrafine particles), other major roadway-related exposures such as 
road dust or noise, or associated neighborhood characteristics such as walkability and 
access to green space. 
 
Chapter 3. Prenatal and childhood traffic-related pollution exposure and childhood 
executive function and behavior 
 Childhood executive function was assessed using the Behavior Rating Inventory 
of Executive Function (BRIEF) questionnaire, and behavioral problems were assessed 
using the Strengths and Difficulties Questionnaire (SDQ). Children with higher average 
BC exposure in the first six years of life and in the year proximal to behavioral 
assessment had higher teacher-rated BRIEF Behavior Regulation Index scores, indicating 
greater problems with aspects of executive function related to behavioral regulation. 
Third trimester BC exposure was not associated with worse executive function, 
suggesting that the prenatal period might be a less sensitive window than childhood for 
potential negative effects of BC exposure on executive function development. The 
sensitivity of the childhood period for effects of air pollution exposure on behavior 
regulation may relate to the fact that the prefrontal cortex, a brain region thought to be 
important in facilitating executive function and behavioral regulation, is not highly 
developed at birth, and undergoes rapid development during childhood (Casey et al. 
2000; Tsujimoto 2008). Previous researchers have suggested that the prefrontal cortex 
may be a brain region particularly vulnerable to damage from air pollution exposure, and 
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investigators in New York City observed that childhood exposure to traffic pollution was 
associated with reduced surface white matter in the dorsal prefrontal regions at mean age 
8 (while prenatal PAH exposure was independently associated with reductions in white 
matter surfaces throughout the left hemisphere of the brain) (Peterson et al. 2015). 
Residential traffic density at the time of behavioral assessment was also 
associated with teacher-rated BRIEF behavioral regulation scores, but associations were 
weaker than those observed for childhood BC exposure, suggesting that BC may be a 
relatively more harmful component of the mix of pollutants related to traffic. PM2.5 
exposure was associated with teacher-rated BRIEF and SDQ scores in minimally 
adjusted models but associations attenuated with covariate adjustment; similar patterns of 
attenuation with adjustment for sociodemographic variables were observed in a number 
of the other models.  
There was evidence of non-linearity in relationships between childhood BC 
exposure and executive function, with observed adverse effects primarily driven by 
associations among participants with higher BC exposure (above approximately 0.5 
µg/m3 ambient BC concentration); childhood BC was also associated with higher teacher-
rated SDQ scores (representing greater behavior problems) among these participants. 
None of the parent-rated outcomes appeared associated with greater pollution exposure at 
any time point in primary models, although BC in the year prior to behavioral assessment 
predicted worse parent-rated executive function among participants with BC exposures 
greater than 0.5 µg/m3. The observed patterns of non-linearity may reflect a threshold 
around 0.5 µg/m3 ambient BC below which childhood exposure to BC is less harmful to 
   
 
137 
child executive function and behavior, but could also be related to residual confounding 
or effect modification by factors that differ between participants with higher and lower 
BC exposure (these included race, household income, and neighborhood median 
household income).  
 
Chapter 4. Prenatal exposure to PFASs and childhood cognition 
Maternal plasma from pregnancy was analyzed for concentrations of 
perfluorooctanoate (PFOA), perfluorooctane sulfonate (PFOS), perfluorohexane 
sulfonate (PFHxS), and perfluorononanoate (PFNA). Higher prenatal PFOA 
concentrations predicted lower verbal IQ and visual motor abilities in childhood, but 
other PFASs did not appear associated with decrements in cognitive scores. Children 
with prenatal PFOS and PFNA exposures in the top twenty percent of observed 
concentrations appeared to have better scores on some cognitive assessments (verbal IQ, 
non-verbal IQ and design memory for PFOS and verbal IQ, design memory and picture 
memory for PFNA). Associations of PFOA with lower verbal IQ and visual motor 
abilities were seen in both female and male children, but there was some evidence of 
effect modification by sex in the relationships of PFOS and PFNA with cognitive 
outcomes. Higher PFOS appeared associated with lower visual motor abilities in males, 
but not in females. The observed associations of top quintile PFOS exposure with higher 
non-verbal IQ and design memory scores were seen in both females and males; top 
quintile PFOS was also associated with higher verbal IQ and picture memory among 
females, but not in males. Among females, top quintile PFNA appeared associated with 
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higher scores on all five assessments, positive associations for verbal IQ, non-verbal IQ 
and visual motor were not observed in males. Dose-response relationships for PFAS 
exposure and cognitive outcomes generally appeared non-linear and in some cases non-
monotonic. Findings suggested that prenatal PFAS exposure may induce both neurotoxic 
and neuroprotective effects, potentially depending on PFAS, cognitive endpoint, dose, 
and child sex, but chance variation may also explain the observed inconsistencies.  
 
Study limitations 
 Study-specific limitations are detailed in Chapters 2-4. We encountered a few 
common methodological challenges across studies. One consistent challenge was 
difficulty in differentiating the effects of multiple highly correlated variables. High 
correlation across traffic exposures in different periods (especially the first six years of 
life and the year prior to neurodevelopmental assessments) limited our ability to 
accurately characterize potential critical developmental windows sensitive to the effects 
of traffic exposure. Correlations among PFAS concentrations, in particular PFOA and 
PFOS, meant it was challenging to fully differentiate the effects of individual chemicals 
or to know if observed associations might reflect combined effects of concurrent 
exposure to multiple PFASs. 
In the Project Viva cohort, we also observed high correlation of traffic-related 
pollution exposures (in particular, BC concentrations) with sociodemographic 
characteristics including race and census tract income levels. For example, among 
participants with mean BC concentration in the year prior to mid-childhood cognitive 
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behavioral and assessments ≤ 0.5 µg/m3, 81% of mothers were white, and the average 
census tract median annual income was $73,580. In contrast, among participants with 
exposure >0.5 µg/m3, 50% were white and average census tract median annual income 
was $51,664 (see Table 3.1). In a number of cases, associations of traffic exposures with 
worse cognitive and behavioral outcomes were observed in minimally adjusted models 
but were attenuated (and in a few cases, reversed) following adjustment for covariates 
including race and census tract median income (see Table 2.6 and Figure 2.1). A 
traditional explanation for these results would be that adjusting for characteristics such as 
race and census tract income corrects for confounding by these (and other unmeasured) 
factors, meaning that the covariate-adjusted model results give a less biased estimate of 
the true effect than the minimally adjusted models. As prior investigators of 
environmental neurotoxicants have noted, however, in cases where sociodemographic 
characteristics are strong determinants of exposure, it is possible that these factors may 
actually be stronger proxies for true exposure than the exposure measures themselves, 
and statistical adjustment for sociodemographic characteristics may therefore effectively 
adjust away a portion of the true causal effect of the exposure on the outcome. In the case 
of lead exposure and neurobehavior, for example, social class is such a strong 
determinant of exposure in some areas that blood lead levels (which fluctuate over time 
and may not fully capture past exposure) may actually provide a less accurate estimate of 
lead exposure during critical windows of development than measures of social class, and 
adjustment for  measures of social class may therefore result in an underestimate of the 
true effect of lead exposure on neurobehavior (Bellinger 2004). The observed geographic 
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covariation of traffic pollutants and sociodemographic characteristics in our studies 
suggest that in the Project Viva cohort, factors such as race and social class may in fact 
be strong predictors of the opportunity for air pollution exposure. The traffic measures we 
employed have the numerous limitations outlined in Chapters 2-3; we used models and 
exposure proxies based on residential address rather than personal monitoring data and 
may not have accurately captured potentially influential components of traffic pollution 
(e.g., ultrafine particles, hazardous air pollutants). It is therefore possible that in our 
studies, sociodemographic factors could have acted as stronger proxies for harmful traffic 
pollution exposures than our exposure measures did, meaning that minimally adjusted 
models could have given more accurate estimates of true effects than covariate-adjusted 
models. In recognition of the limitations of our statistical approach, we presented both 
minimally adjusted and covariate-adjusted results in Chapters 2-3; potential directions for 
future research to further address this issue (and the more general problem of highly 
correlated exposures) are discussed below.   
Another challenge common to all three studies was the difficulty in identifying 
specific neurobehavioral functional domains particularly susceptible to the effects of 
exposure to traffic or PFASs, which was one of the original goals of our research. This 
challenge stemmed partially from a lack of specificity in the neurobehavioral assessments 
available in Project Viva; each of the cognitive assessments evaluated multiple functional 
domains simultaneously (see Figure 2.1), so it was impossible to know whether 
decrements on a particular assessment might be attributable to effects in a single domain 
or in multiple domains. Assessments of executive function and behavior problems were 
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based on parent and teacher report, and while the sub-indices generated from the BRIEF 
questionnaire (the Behavioral Regulation Index and the Metacognition Index) afforded 
some opportunity to isolate associations to broad behavioral domains, objective measures 
of specific neurobehavioral functions such as attention or ability to inhibit impulsivity 
were not available.  
An additional challenge to the interpretation of executive function and behavior 
findings was the discrepancy in results when examining teacher- versus parent-rated 
assessments. Inter-rater correlations for parent and teacher scores were moderate, which 
is consistent with patterns observed by other researchers and in normative population 
samples; high inter-rater correlation would not necessarily be expected because parents 
and teachers assess behaviors in different environments (Gioia et al. 2000; Mares et al. 
2007). Parent-rated assessments may also be more biased than ratings by classroom 
teachers, as teachers generally have a better understanding of normative developmental 
progress in children than parents (Mares et al. 2007). We also observed patterns in our 
data, however,  suggesting that teacher ratings were more strongly correlated than parent 
ratings with participant demographic characteristics (see Table 5.1), a finding we have 
not seen reported previously in the literature. These patterns require further investigation 
in future research, but suggest an additional element of complexity in interpreting parent- 
and teacher-rated assessments of executive function and behavior, and highlight the 
importance of including complementary objective assessments of neurobehavioral 
functions in future studies.  
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Public health implications 
 The results of Chapter 2 suggested that living in very close proximity to major 
roadways during pregnancy may result in later decrements in cognitive function. These 
findings were based on a small number of observations and lacked precision, and should 
therefore be interpreted cautiously, but the relatively large magnitude of the observed 
associations indicates that roadway proximity in pregnancy could present a substantial 
public health hazard. Residence at birth <50 meters compared to ≥200 meters from a 
major roadway was associated with a 7.5 point (95% CI: -13.1, -1.9) decrement in non-
verbal IQ, which is similar in scale to the decrement in full-scale IQ associated with an 
increase in childhood blood lead from 2.4 to 30 µg/dL (from the 5th to the 95th 
percentile) in an international pooled analysis (6.9 points) (Lanphear et al. 2005). Further 
research is needed to validate this finding and to identify particular exposures associated 
with roadway proximity (including tailpipe emissions, noise, and other neighborhood 
factors) that might explain the observed associations.  
 The findings of Chapter 3 add to an accumulating literature suggesting that higher 
exposure to traffic-related pollution may be linked to greater neurobehavioral problems 
among children and provide evidence suggesting that childhood may be a more 
vulnerable window than the prenatal period for potential influence of traffic exposures on 
childhood executive function (specifically behavior regulation as assessed by classroom 
teachers). Relative to PM2.5, ambient black carbon concentrations were more strongly 
predictive of childhood behavior regulation problems, suggesting that black carbon itself 
may be a relatively more harmful component of ambient air pollution (or more strongly 
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correlated than PM2.5 with other harmful air pollution components). Unlike PM2.5, black 
carbon is not a “criteria” air pollutant regulated under the US Clear Air Act, but 
regulations including new emissions standards aimed at reducing black carbon emissions 
from mobile sources have been effective in reducing ambient black carbon concentrations 
in recent years (US EPA, 2012). The evidence we observed suggesting a potential 
threshold for adverse neurodevelopmental effects around 0.5 µg/m3 ambient black carbon 
concentration deserves further study in other populations; if replicated, these results could 
help guide future regulatory decision-making around targets for reduction in ambient 
black carbon concentrations.  
 Chapter 4 represented one of the first studies examining the association of 
prenatal PFAS exposure with childhood cognitive development among participants with 
exposure levels typical of the general US population. Results suggested that PFOA might 
have negative effects on cognitive development, but PFOS and PFNA might have some 
beneficial effects. These findings, along with observed non-linear (and in some cases 
non-monotonic) patterns of association of PFASs with cognitive measures, suggested that 
potential mechanisms of action might differ across PFASs, and potentially across levels 
of exposure to a single PFAS. Our findings are preliminary, but highlight the need for 
further research into the neurodevelopmental effects of PFASs and potential mechanisms 
of action.  
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Directions for future research 
 As discussed above, traditional statistical methods may not be sufficient to fully 
differentiate the separate or combined effects of highly correlated variables such as PFAS 
mixtures, traffic exposure at multiple periods in early life, or traffic pollution and social 
class. In recent years, biostatisticians have worked to develop novel statistical methods 
designed for studying complex mixtures. These new methods, including Bayesian kernel 
machine regression (Bobb et al. 2014), weighted quantile sum regression (Gennings et al. 
2013), and targeted minimum loss-based estimation with super learning (Neugebauer et 
al. 2014), may provide improved capabilities to study the effects of highly correlated and 
time-varying exposures. Future research on the neurodevelopmental effects of traffic 
pollution and PFASs could employ these new statistical techniques and explore whether 
results vary across methods. If possible, future studies on the effects of traffic pollution 
on neurodevelopment could also be undertaken in geographic areas where relationships 
between race, socioeconomic status, and traffic exposure are weaker, which could reduce 
the extent of potential confounding by social class.  
 Additional research should also be undertaken to explore which (if any) particular 
brain functions or structures are most vulnerable to the neurodevelopmental effects of 
traffic and PFAS exposure. Epidemiologic studies employing neuroimaging could 
provide novel data on structural and functional effects of exposure. Future studies should 
also incorporate a richer set of neuropsychological assessments than those available in 
Project Viva, including objective assessments of potentially sensitive behavioral 
processes such as attention and impulsivity. Additional analyses of the relationships 
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between behavioral rating scales and these more objective measures, along with factors 
influencing intra-rater agreement and disagreement (potentially including education level, 
socioeconomic position, and race/ethnicity of the raters), could aid in the interpretation of 
studies employing behavioral rating scales. 
 Finally, further studies exploring the cognitive and behavioral effects of early life 
exposure to PFASs should be undertaken. Our study examined prenatal exposure to 
PFASs and cognitive outcomes, but future work in Project Viva will consider the 
influence of childhood PFAS exposures and assess associations with behavioral 
outcomes. Additional work in Project Viva will examine the effect of maternal PFAS 
exposure on thyroid hormone levels and explore whether thyroid hormone disruption 
may mediate observed effects of prenatal PFAS exposure on neurodevelopment. These 
and other future studies should help advance understanding of the biological mechanisms 
through which PFASs may affect the developing brain.  
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Table 5.1 Mean behavior rating scale outcomes by demographic characteristics 
 
Teacher-
Rated BRIEF 
GEC 
Parent-Rated 
BRIEF GEC 
Teacher-
Rated SDQ 
Total 
Difficulties 
Parent-
Rated SDQ 
Total 
Difficulties 
Spearman 
Correlation 
Coefficient for 
Teacher- vs. 
Parent-Rated 
BRIEF GEC 
Spearman 
Correlation 
Coefficient 
for Teacher- 
vs. Parent-
Rated SDQ 
Overall 51.1 48.7 6.4 6.6 0.35 0.44 
By maternal race/ethnicity       
White 49.4 48.3 5.8 6.0 0.33 0.43 
Black 57.4 49.6 9.1 8.2 0.35 0.50 
Asian 47.3 48.5 3.0 6.1 0.46 0.36 
Hispanic  53.4 49.6 9.1 8.2 0.37 0.30 
Other  55.6 51.9 8.5 8.3 0.35 0.43 
By maternal education       
College degree or beyond 
(%) 49.7 48.4 5.9 6.1 0.36 0.45 
Less than college degree (%) 54.1 49.4 7.5 7.7 0.34 0.39 
By household income at mid-
childhood       
≤$40K  56.4 51.9 8.6 9.4 0.35 0.45 
$>40‒≤70K  52.0 49.3 7.1 7.6 0.26 0.39 
$>70‒≤150K  50.4 48.6 6.1 6.2 0.34 0.46 
>$150 K  49.4 47.2 5.5 5.5 0.35 0.40 
BRIEF GEC is Behavioral Rating Inventory of Executive Function Global Executive Composite score; BRIEF scores standardized to 
mean=50, standard deviation=10 with higher scores representing greater executive function problems. SDQ is Strengths and Difficulties 
Questionnaire; SDQ total difficulties scores have possible values of 0-40 with higher scores representing greater behavioral problems.
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